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- This paper examines the wetting by water of low-density polyethylene film
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19. Abstract (cont'd)

hydrophilicity.” The influence of a functional group on wettability was related
to the normalized fraction of the area of the interface occupied by that type
of functional group: in some instances this area fraction appears more useful
in describing interfacial properties than is the simpler mole fraction.
Interfaces containing ionizable functional groups usually showed a contact
angle that varied with pH, with the lower contact angle observed at values of
pH for which the interfacial groups were in the more polar, charged form;
interfaces without ionizable functional groups did not display a change in
contact angle with pH. The paper rationalizes the change in contact angle with
pH in terms of the relative areas of the interface occupied by the functional
groups in different ionization states and in terms of the extent of ionization
of acidic and basic groups. The interfacial values of pK, are compared with

the values of pK, fov similar functional groups in aqueous solution. In all
cases, it is more difficult to generate the charged form of the functional
&~ 0'n at the interface than it is in aqueous solution, probably due in major
part to the lower dielectric constant of the interface.
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. Thnis papar axamines the watting by watar of low-density
nolyethylene film modified at the polymer-wacer{air) interfaca by
introduction of polar organic functional groups (carboxylic acids,
anines, and others). Water/polymer contact angles ware Jdetermined for
each of thaese interfaces; for interfaces containing acidic or basic
functional groups, tha contact angie was detarmined as a function of
the pH. The observed contact angle was related to the hydropiilicity
of these functional groups: As the hydrophilicity (as measured by
Hansch  parameters) increasad up to a certain point, the contact
anyla decreasad. Beyond that point, incredased hydropnilicity had
little additional influence on the contact angle. This rasult is
1ntergrerad in terms of water adsorbed on the polar interfacial
functional groups: extensive hydration of interfacial groups having
larqge pegative o parameters mnda=gtce fhoir offacti o

hydrophilicity. The influence of a functional group on wettability
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was related to the normalized fraction of the area of the interface
occupied by that type of functional group: 1in some instances tiis
area fraction appears more us2ful in describing interfacial properties
than is the simpler mole fraction., Interfaces containing ionizable
functional groups usually showed a contact angle that varied with pH,
with tho lower contact angle observed at values of pH for wihich tine
interfacial groups were in the more polar, charged form; interfacas
without ionizable functional groups did not display a change in
contact angle with pH. Tha paper rationalizas the change in contact
angle witn pH in terms of the relative areas of the interface occupied
by the functional groups in different ionization states and in terms
of {he extent of ionization of acidic and oasic groups. Tae
interfacial values of pK, are compared with the values of pK, for
similar functional groups in aqueous solution. In all cases, it is
more difficult to generate the charged form of the functional yroup at
the interface than it is in aqueous solution, probably due in major

part to the lower dielectric constant of the interface.

[ntroduction
%% P2e Pl Pl Vie Phe Phe Pht Ui Ve PR W8

Treataent of low-density polyethylene film with aquaous chromic
acid solution yields “"polyethylene carboxylic acid" (PE-CO,H), a
matarial containing carboxylic acid and ketone and/or aldenyde groups
concentrated in a thin oxidatively-functionalized interfacial
region.4 lle are using this material, and other materials derived from
it by modification of its constituent functional groups, to study the
retavion vebween cne cuiecelarcloyel cnaractoristices of the

interfacial region--structure, polarity, reactivity, location, and
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concentration of functional groups--and macroscopic materials

»

N
%i properties of the functionalized polymer such as wettability and

;: adhesion 'stlr‘engt.‘1.4"9 Previous papers have demonstrated that the

ES wattability of PE-CO,H by water cnunges with the pH of the water, and
V\T that tnis change correlates with the state of ionization of the

‘ig carboxylic acid groups.4 Examination of changes in tha contact dangle
EE of water on PE-CO,H as a function of pH is a technique we call

; ~ "contdact angle titration": it provides a particuiarly convenier* (if
3& indirect) method for examining the state of ionization of functional
gzg groups influencing the wetting of tne functionalized polymer.
Enpirically, results obtained using this technique correlate well witn
,‘E agstiinates of the extant of ionization obtained by diract spectroscopic
i N measurements using ATR-IR spectroscopy4 and fluorescance

i ' spectroscopy,5 and by conventional titration.% We nhave praviously

ssz proposed a qualitative justification for this correlation,4 but the
:i; more detailed examination of this paper suggests that the basis of

b

5 contact angle titration is not simple.

,E This paper has four objectives: First, to survey a range of

stz organic functional groups on tne surface of polyethylena for their

'EE influence on wettability, and to search for a correlation between sane

£
a

appropriate measure of polarity of the individual functional groups in

A

solution and the wettability of dan intarface incorporating them.

-
x

Second, to confirm that changes in wettability with pH of interfaces

e

having acidic or basic groups reflect protonation or deprotonation and

ey ¢

.

v

to examine how such ionizations influence wetting. Third, to conpare

S5 %44
LAl

the proton acidities of functional groups in the i1nterfacial region

e

with their acidities in solution. Fourth, to clarify the physical
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chemical basis of the technique of contact angle titration.

As previwsly,s’6

wa refer to that part of the functionalized
interface of PE—COZH and its derivatives that determines the

wattabiiity of the nolymer as the "contact anglz interphase" or "9
Y

N interphase” and to parts of the interface lying below the 9 interphase
and having no influence on contact angla as tie "sub-9 intarphase.”
Although the structural features that determine whether an interfacial
group influencas wetting are not yet precisely established, wc bDelieve
that the groups in the 8 interphase must be within gngstroms of the

outermost part of the po]ymar‘10—13

PE-COZH and [ts Qerivatives: Backq
LLUUVVLVELLLLLTLALLLLLULLLL L LY LV VL LV L L

. gund. Tie morphology of
the interface of PE-COpH at 1000 R resolution is not detectably
diffarent from that of the unfunctionalized poiymer.4 The only
important functional groups present are carboxylic acid and katone
and/or aldehyde moieties in approximately 3:2 ratio. PE-CO5H has a

relatively low interfacial free eneryy and resists contamination by

adsorption of contaminants from the air. It can be handled briefly in
air witnout special precautions. We have not yet been able to
establish by direct observation the thickness of the functionalized

interface or the distribution of functional groups, buc it appaars

that +30% of the carboxylic acid groups determine the wettability of

tnis aaterial, and the remainder of these carboxylic acid yroups nave

LA

-
,
L4
L4 .

.
-

Tittle or no influenca on wettability.6 Indirect evidence suggests
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that the functionalized interface in PE-CO,i is thin--that is,
probably <20 3 in thickness.®
All carboxylic acid groups in che functionalized interface arz

4

accessible to aqueous base,” and are converted to carboxylata ions ac

values of solution pH > 12. Tne polarity experienced by a
fluorophoric reporter group (the dansyl moiety) incorporated in the
intarface is uniform and, when placed in contact with water, is
similar to that of methylene chlom‘de.5 The functionalized interface
is reasonably stable: the functional groups do not migrate away from
the 9 interphase at room temperature or under reaction conditions used

in forming derivatives, although migration is rapid at 100 °oc.’

The interface of PE-CO5H and its derivatives is composed of a

number of types of organic groups, including methyl, methylene,

ketone/ aldehyde, carboxylic acid, and possibly others. We use several
nonenclatural devices to simplify discussion of the interfacial

chemistry of PE-COpH. Groups present anywhera in the oxidatively
functionalized interfacial region are indicated with sqyuare brackets
([]) following the name of the polymer: for example,
PEC>C=0]LCOpH]I[CONH,] is polyethylene containing katone/aldehyde,
carboxylic acid and amide groups in its functionalized interface.
Jsing this nomenclature, the material PE-COZH made in the initial
oxidation reaction can be described more accurately as

PE[>C=O][C02H]. " Since the majority of the reactions that we use o

., - -

%
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introduce functionality into the interfacial region involve
derivatization of the interfacidal cardoxylic acid groups rdther tian
the keto;;s, we often omit the [>C=0] from the name and assume that,
unless otherwise specifiad, there is a backyround of

ketone/aldehyde {and, of course, methylene groups) in the interface of
all saaples. Thus, 1f the nature of the group derived from the

ketone/aldenyde groups is not specified, these groups are assumed to

be unchanged: PE[CONHZJ is PE[>C=O][CONH2], not PEDCHOH][CONHZJ.

Angle Titration. Figure 1 shows representative advancing
contact angles ea of buffered water on PE-COZH and several of its
derivatives as a function of pH. Much of the work in this paper is
directed toward understanding three faatures of these data: First,
only surfaces containing ionizable functionality (RCOZH = RCO,™;

RNH(CH2)4+ == RN(CHy)4)) show a pH dependence of the contact

angle. Why! Second, the magnit.de of 3  decreases as the oolarit; 3f *he
1

x
1a

functional group in the interface incr2ases. What is the relation

AT

v

between the polarity of a functional group (a concept that is

.F.z-::
“’." intuitively clear if not quantitatively uniquely defined) and its
.Cﬁf influence on wetting characteristics of an interface! Third, all of

.

the interfaces show pronounced hysteresis in contact angl
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20T — T ——— | PEL-C=0J[CONH <) ]
{~0—0-0—0—0—0—0-0—0-0—0—0-0—0-| PE-H

.r—.-‘_L-.—'—F,—Q—.—H—H—.- PE[>C=0][CO,CH,]

Oq B _0———O—- | PE[>CHOH][CH,OH]

! PE[>C=O][CONHCH2CH2|\O]
40—
NG

j-4—y-L [ PE[>C=0][CO,H]

Figure 1,  Advancing contact angle 8, (obtained by using sessile
drops) as a function of the pH of the drop for several

derivatives of PE-CO,H. Solutions were buffered (0.05 M).
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What physical model should we use in discussing this hysteresis?

The theoretical discussion that follows suggests a simplified
physical model for the wetting of PE-COpH and its derivatives. In
particular, we note that the assumption (below) that the functional groups
in the interface contribute independently to the interfacial free energy
is inaccurate, but leads to a tractable and physically reasonable picture.
We start with an analysis similar to one used in discussions of

equilibrium wetting (Young’s equation, Figure 2, eq 1).13-15 (Consider the

i
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kY N . .

ﬁ\;_ free energy AG of a system composed of a drop of water on a homogeneous

P

N‘s: . , N .

Eij‘ solid containing only Jne type of interfacial functional group as the edge
o

" g
s

of the drop moves from a position Ly to a position Ly with a corresponding

- S
o N

change in the area §A of the solid under the drop (eq 2). If the solid

interface contains groups reactive toward water (for example, carboxylic

; »
R R
. N ":,-'k. ﬁ" 4,

PR

®

:"—f..l' nroA = . pH ,..pH N \
Do AG/ S A fLy €05 2+ g * mp sy (2)
1;f acid or amine moieties), the free energy of reaction (”BH’ in units of
I;Q' energy per area) must be inciuded. All of our experiments involve the
e . . . .

DR wetting of interfaces under air saturated with water vapor: that is,
i;: "maoist" spreading. We assume that polar functional groups in the

interface are to some extent hydrated and believe that the water molecules
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?'j; Figure 2. Schematic illustration of the edge of a drop as it moves
;:; from position L; to position L,. The edge of the drop

p e

e nakes an angle of 6 with the interface. As the drop

.
»
3

o

it
e D
e

advances, it sweeps over an area 6A and the liquid

experiences an increase in interfacial area of ¢A cos ¢

;

~: (top). The nature of the interface nay change as the drop
ﬁ;z moves over it, due to, for example, ionization of
.Ezé carboxylic acid qroups on contact with basic water

ﬂ; (middle). The real polymer surface is rough and

” heterogeneous (bottom),
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adsorbed at the interface have a significant influence on the solid-vapor
interfacial free energy (ygy, see below).

The type of reactivity in which we are most interested is the
reaction between acids (bases) in the 8 interphase and bases (acids)
present in the aqueous drop. In this instance, both nBH and 7§E depend on
the nature of the functional groups present and on the pH of the drop.16
In general, we expect nBH and 7@? to be related, in the sense that if a
reaction occurs when the solid comes in contact with the liquid, Y5,
should also change. We discuss in greater detail the relation between nBH
and ngﬁ later; here we combine them in a single term YEL'

The equilibrium contact angle defined in eq 1 can be modified to take
into account the influence of reaction of interfacial groups, by deriving

an expression (eq 3) analogous to Young’s equation (eq 1) starting with eq

PH _ /_pH pH pH *
Y =AY + n ) Y - v
CO0s 9 = SV SL R = SV SL /3)
Y Y '
Ly LV

2. If ygy - 7§L is Tess than or equal to vy y, and if there are no kinetic
barriers to movement of the drop edge, the equilibrium contact angle
should be given by eq 3. If ygy - y5_ is greater than y_y, the system is

not at equilibrium. The term S$* (eq 4) is defined by analogy with the

* *

5= rgy -t YsL ot YLy )

classical spreading pressure: for the system to be at equilibrium, s* <
0.13
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For a material such as PE-COoH having a number of different
interfacial groups, we can postulate egs 5 and 6 in estimating ygv and
YsL- In these equations, Agy,i is the normalized function of the area of

PH L - e (5)

SV - Asv,iotsvLi
intertacial Jroups

"

a5
SL + =SL,i "SL,1

i = interfacial groups
the solid-vapor interphase occupied by the functional group i.17 These
equations are based on the assumption that each functional group
contributes to the interfacial free energy independently of other
interfacial groups according to the normalized fraction A; of the
interfacial area it occupies. We note three features of these equations.
First, the assumption of independence of functional groups is certainly
incorrect in detail. Second, the concept of the "area fraction" of an
interfacial group is not exactly defined. Nonetheless, it is evident that
for a very large group (for example, an oligosaccharide) the area fraction
and the more familiar mole fraction (x;) will be quite different. Third,
the values of Agy j and Ag ; are not necessarily the same: the interface
might reconstruct or hydrate on contact with water to minimize its free
energy and thereby change the value of Aj;. PE-COoH itself provides a
probable example of a system in which the 8 interphase reconstructs on
contact with bulk water.5

The principal objective of this section is to generate a

qualitative understanding of the response of the contact angle to

"l
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<o changes in the polarity of the interfaca. To tnis end, we ignore the

N
!a'u diffarence between ﬁSV,i and ﬁSL,i’ and write eq 7 as a description of
v'j{ an interface naving nixed functionality. An analogous expression (eg
s . . . L
S 3) gives the spreading pressure S* in terms of contributions fron
e
‘: independent functional groups. In a well-behaved case (cos 3; < I;
:;C S? ¢ 0) this squation carries the useful indication that cos v for the
:;. interface can be thought of in terms of area-weignted contributions
T P
= cos 8 = A, V.1 SL1 [ A; cos g, {7)
e i Ly i
o . . (forAg g o= Agy )
> - S = E S‘] (3)
S 1
‘.‘_‘.
':&: froin each constituent type of functional group. A more complex case
L]
! - arises when some or all of the S: are greater than zero, and
fkﬂi espacially when s < 0 but with some S: > 0. Tnis case includes
:jS PE-C0,” (and perhaps PE-CO,H itself),
; We are primarily interested in systems in which the interface
-
N
- includes both polar (especially ionizable polar) yroups and nonpolar,
Lfﬁ: non-ionizable groups. As a limiting case, we consider a system
e
Q: containing only one type of polar and one type of nonpolar group (ey
D 9) with Ap describing the area fraction occupiad by the polar group.
'q cos 8 ¥ Ap cos 9 + (1 - Ap) cos Oyp (9)
.I'_..
o
o Sl
‘-"_'n 3 . . . . 3
523 For sufficiently polar, hydrophilic functional groups at 100% rz2lative
.‘&5 nunidity, these groups will ba covered with hydrating water
:25: notacules. In such a case, we hypothesize that the polar groups ara
o #’:
i
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functionally "puried" under a layer of water. Equdation 9 can then be

o 5

P
e
v ‘e

_-:'l.xs'-‘-‘ )

simplified by assuming that YSy,p (interfacial free energy of the

Dy

DS
I
.
v

solid-vapur interface with an equilibrium coverage of adsorbed water)

.jij is equal to v y. This equality follows from the fact that tie solid
,E:E: interfaca is in thermodynanic equilibrium with the vapor: if TSy, P
S . .
et are greater than vy, water would condense on the interface; if Yy, p
Y - b
:iﬁ were less than vy y, water would evaporate from it. It also follows
- : .
. tnat, in this limiting case, YSL.p > 0, because the interface

e ’

;f; generated under tne drop as it advances (Figure 2) is an interface
“'fj between adsorbed water and bulk watar., Thus, it follows from eq 1
)
'E:& that cos 9 = 1 and eq 9 can be simplified to eq 10.
«.“':"

e a0V . |
If:' cos 8 = Ap + (1 - Ap) cos Iup 10
._-‘\-

v (for groups P sufficiently hydrophilic that cos bp = 1)

-.':-.:

(LA
YO
NN
v:f: Qur interest in this type of equation stems from the fact that the

b -

s v . . .

® interfaces generated from PE-CO,H contain nonpolar regiuns (unreacted
-5

,§i5 methylene groups) and polar regions (derived from the carboxylic acid
¥ -j

;a:n and katone groups). The "polar" region of thesa interfaces varies in
y ‘_.";.

.{, polarity as the nature of the interfacial groups changes (and can, in
?:k: fact, become less hydrophilic than the "nonpolar" regions, as with
AN :

v fluorinated carboxylic acid esters). As the polarity of the "polar"
1A

e

“:; region chanyges, the change in contact angle should follow eq 7. In

t. \—'

“ﬁﬁ the low polarity limit the contact angle responds to the polarity of
NS

o
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the polar region through changes in cos 8p. As the groups in the 8
interphase become more nydrophilic, cos dp increases and the contact
angle decreases (Figure 3, regime A). When the interfacial groups
becone sufficiently polar and nydrophilic, water vapor begins to
adsord on and nydrate them. At some value of hydrophilicity, the
interfacial groups will be completely nydrated and cos 8p will
approacn 1 (i.e. egq 10 will apply). In this model, additional
increas2s in hydropnilicity will not result in a change in ¢ because

cos 3p remains unchanged at 1 and cos Onp is not influenced by the

polar groups (Figure 3, regime E). As an initial hypothesis, we

suggest that eq 9 and 10 provide a qualitative rationalization

for the experimental data we observe for PE[R7].

We note that the hypothesis that the hydrophilicity of very polar
groups is "leveled" by adsorption of water from the vapor onto these
groups does not explicitly involve reaction of these groups
(protonation or deprotonation): these equations apply to both non-

ionizable groups and to PE-COoH and PE-NR2H+. Assuming that Figure 3

(upper) qualitatively describes the relationship between the polarity

®

BLAT . . . .
S of groups in the the interface and the resulting contact angle with
P

b . . .

t::j water, we can predict a relationship between the contact angle on an
¢ “,

%S

ﬁ?ﬁ interface that contains carboxylic acid groups and the change in
3.

ﬂy} contact angle expected when those carboxylic acid groups are

ﬁﬁf ionized. For example, if the carboxylic acid yroup is already very
e

LS

o polar prior to ionization (Figure 3, top, regime B), an increase in
2

0

-
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Figure 3. Top: Qualitative correlation between the contact angle

(plotted as cos 8) and the polarity (hydrophilicity) of
interfacial groups. Less polar groups fall into regime

A. An increase in the polarity of a group in this regime
results in an increase in cos 8 (eq 7). Very polar groups
fall into regime B, These groups are effectively buried
py adsorped, hydrating water at 100% hunidity. Since
these hydrated clusters present an interface similar to
that of bulk water, increasing the hydrophilicity of the
focal polar groups does not result in a further increase
in cos 6 (eq 8). Bottom: Qualitative relationship
between the polarity of an unionized carboxylic acid group
(described by cos 8, PH 1) and the change in contact
angle upon ionizatin of this group (4 cos 8, eq 11). The
relationship can be classified according to the regimes
{top) into which the carboxylic acid and carboxylate

groups fall (eq 12b-d). If both groups were to fall into

::3 regime B, for example, the difference in hydrophilicity
;:" between CO,H and CO,” would have no influence on 8.
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polarity upon ionization of the groups in the 6 interfaca should not
rasult in a significant decreasa in 9. On the other nand, if the
carboxylic acid group were initially fairly nonpolar (Figure 3, top,
regime A), tnen an increase in polarity should result in a decrease in
d. The experimental data in Figure 1 suggdest that the latter
descripcion applies to carboxylic acids and tertiary amines; data

descrived later sugygest that the former description applies to primary

amines .
‘*-
:“r* A mora guantitative expression connects the
s
t\*: difference in cos 8 between the fully ionized (e.g. PE-COZ‘) and fully

#

unionized form (e.g. PE-CO,H), A cos 9, and the value of cos o in

.5;?1.;

the unionized form (eq 11). In the specific case in which the polar

functional groups of interest are COoH and COp~ groups, we measura thne

————y
A
N ALY

ot o o

contact angle at pH 1 to ensure that all of these groups are
protonated, and at pH 13 to ensure that all are deprotonatad (eq

11). We can imagine three types of behavior for A cos @, depending
A COS 9 = COS epH 1 - €0s apH 13 (11)
on whether the CO,H and C0,™ groups fall in regime A or B of Figure 3

(upper). In regime A, cos 9p < 1. Assuming for eq 7 that Ap = ACOZH

= ACOZ-’ we write the yenaral expression (eq 12a):

4 = - 1
e A cos 8 = Ap (cos aCOZH - cos 6C02 ) (12a)
'ﬁ‘. Acos 9 =0 (12b)
o i .
;x: (cos 9cg y = €OS Oeg _ = 1)
":.J'
b .’:. v
Ve
o
®:
o3
v
A
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A cos 6 = cos epH 1 - [Ap + (1 - Ap) cos éypl (12¢)

= AP (COS aCOZH - l)

Pd

2
x,
3 A

y

(cos 6C02H < 1; cos dCOZ‘ = 1)

Tl
ll. "' »

'.‘

.

4 cos 9 = Ap (cos 6C02H - cos SCOZ‘) (124d)

(cos eCOZH < 1; cos SCOZH < ¢cos GCOZ- <1)

In this equation ccs @COZH is the contact angle of watar on an

interface containingonly CO,H groups (ACOZH = 1), ana cos eCOZ_ is thae i
contact angle on an intarface containing only C0,™ groups. If both
COZH and COZ‘ groups are in regime B, eq 12b ho]ds;‘if the CO,H group
is in regime A and the CO,” group in regime B, eq 12c holds; if both
groups are in regime A, eq 12d holds. This treatment predicts that
as cos epH y decreases, 4 cos 8 should also decrease {eq 12¢) and
should, for sufficiently polar groups, go to zero (eq 12b). Figure 3

(1ower) summarizes these egquations schematically.

We note that tne relations [eq 12a-d) neglect both changes in Ap
tnat mignt result from the ionization of the interfacial groups and
contributions from the energy of reaction nBH- Both of these
parameters are expected to influence the contact angle (eq 3 and 9).
Witile potential changes in Ap are difficult to evaluate, we can

estimate the contribution to contact angle from nBH by quantifying the

relationship between nBH and pH. The free energy of ionization of dn

oy ~.v\- \-_:L\i 1$h - I"N Ni'
s RS

» AP P P AP
“"Q"j”ﬂ" -
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e interfacial acid, AG;, is given by eq 13. In order to determine the

total amount of energy resulting from the partial ionization of n

[}
s
\wl

surface groups at any given pH (ngH), we integrate this value from no

w
?

i ih

ionization of interfacial groups {a = 0) to the extent of ionization

ol b
2

»
a1«

existing at equiiibrium under the drop (ay; 2q 14).13

;.:: ;
o A= (47 I0AT] - LH Jo ¢
- 8G, = -RT In Ky f RT ]n'-TjIKI—— -RT In 5 + RT 1In T—:ig (13)
o where » = [A"]/([A7] + [HAD)
o )
v o] B B
0N nRo= 4 A“ida = nRT In (1 - ai) (14)
ry
‘_i‘ If we assume that ygy and Tg are independent of pH, eq 14 can be
‘??“ combined with eq 3, resulting in eq 15 and 16. This assumption is
{ probanoly incorrect, but it will allow the contribution to changes in
;:; due to ﬂBH to be distinguished easily from changes due to ygy and
::::j.' YSL.
9)
- ng - YEE - nRT In (1 - ai)
0 cos 8 e - (15)
o P L
=
- n - _ _
J.h COS 8y = COS 8, [ART Tn (1 - o) /vy (16)
N."\'.-v
iﬁ; Using eq 16, we can predict changes in 8; as a function of pH due
9. solely to the frae energy of ionization.l9 Tnis prediction is
D>,
:: N discussed further after presentation of relevant experimental data.
l‘
These discussions are based on the assumption of a systanm showing
o
!L, no kinetic barriers to the advance or retreat of the drop edge. In
¢ S
e Y,
;:; fact, all of the derivatives of polyethylene examined show pronounced
i
[ *.;
!
‘:J'
% »
e
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hysteresis. For example, although water at low pH reaches a staole,
raproducidble advancing angle on PE-CUpH (9,4 2 55°), the receding dngle
is 3. ¥ 0%: that is, the drop edge is completely pinned and cannot be
withdrawn. Tne interface of PE-CO,Ad is rough and certainly cnemically
neteroganeous. [t also may swell in contact with water. The position
of the drop edge and the value of the contact anygle may thus be

influenced by kinetic factors; we discuss this problem of

disentangling kinetic and thermodynanic determinants of cos & later.

Results_and Discussion
L7 A P Vi Vi P B e P P Vg W M P T T T P T PR W

Rrgearatien.and Characterization. The polyethylene film samples
were first extracted in refluxing methylene chloride to remove

antioxidants and other film additives. The samples were oxidized in

aqueous chromic acid (Scheme I).4 Scheme I summarizes pathways used to

derivatize the functionalized interface. Using the analytical methods

described in previous papers (XPS, ATR-IR, wetting) we estimate that the

o
LW
._ yields in conversion of carboxylic acid groups into esters or amides exceed
[N
PN
e 90%. In most of our work, the ketone groups originally generated by oxida-
[ 4
=
o _ .
Foy tion are left unchanged. They may also be reduced to alcohols and deriva-
ot
%
LX) tized. Figure 4 shows typical ATR-IR spectra. For example, PE-COoH has a
Moo
o
e
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Y

PE[>C=0}[CO,H]

NeaH, (PE-COOH)
PE[>CHOH][CO,H] HN,
H,S0,/ CHCy
RCOQC!

PE[>C=Q][CH,NH,]

PE{>CHOCOR][CO,H|

Scheme [,

Film,
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Reactions Used to Modify the Interface of Polyethylene
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\ \PE[>CHOH][COZ'Na‘]
f‘“’A“\ \\\
‘ l PE[>C=0][CO,CH,]

-:r&"" ST

“NPE[>C=O}[CONH,]

” f/PE[>CHOH][CH2NH2]

__PE[>C=0][CONHCH,CH,NH,]

—\\H \ PE[>C=O][CONHCHZCOZH]
1[ | Lt

1740 1710 1650 1560 1540
-
Wavenumber (cm™)

x,

P A
BShS

e
o

Figure 4.  ATR-IR spectra of the carbonyl region of several
derivatives of surface modified polyethylene. Wave-
nunbers indicated are those representative of esters (1740
cm'l), carboxylic acids and ketones (1710 cm'l), amides
(1650 cm'l) (C=0) and 1540 em~ L (NH)), and carboxylate
anions (1560 On'l). The peak at 1640 anl for
PE[>CH0H][CH2NH2] results from an NH, scissoring
vibration. Because absolute absorbances are influenced by
many experimental parameters (e.g. the extent of contact
between the fiim and the KRS-5 crystal) only relative peak

intensities within a single spectrum can be compared

quantitatively.
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peak at 1710 cm ! (carboxylic acid and ketone/aldenyde
functionality). Following treatment with aqueous base two peaks are
present, on2 at 1710 et {ketene/ aldehyde) and a second at 1560 e -
(carboxylate anion). When the COZH groups in the interface arsz
asterified and form PE:COZCH3], a new peax appears at 1740 cn L
(carnoxylic acid ester); the spectrum of this mnatarial is unchanged
wnen jt is treated wicth basa,

Thesa spectra are for the most part self-explanatory. Tae
spectrum of PE[>CHOH][CH2NH2] may require some discussion. We
attribute the absorbance at 1640 cm™* o the NH, scissoring vibration
and believe that the absence of a significant peak at 1540 et
indicates that most of the anide NH groups have disappearad. The
presence of NHy groups in this interface is confirmed by reaction of
PE[>CHOH][CH2NH2] with dansyl chloride (see below). The resulting
naterial, PE[>CHOHJ[CH2NH2-dansy1], is fluorescent® and exhibits a
curve in contact angle titration similar to other interfaces that
contain dansyl groups (see below). Dansyl chioride does not react

20 and, when allowed to react with

WwitTh aliphatic alconols,
PE:>CHOH][CH20H], no fluorescence or inflection in contact angle
titration is observed.

All of the metnods used tO characterize the derivatives of
PE-CDZH are only semi-quantitative, but based on them we beiiave thac
most of tne transformations used here proceed in yields sufficiently
high that tne functional ygroups introduced by the transformation dre
the primary functionality presant on the surface. We have andeavorad

Lo ensure that when other species are present 1n the interface as

contaminants {(due %0 low yialds or side reactions) they are not
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jonizable species., For example, the reaction of PE[COZCH3] Wwith
NHZCHZCHZNH2 generates a material that shows primarily amide
absorption in the ATR-IR spectrun (1550 cm'l) althougn some methyl
ester (1740 cm“l) remains (Figure 4). Trese ranaining esters are
propanly below the 8 interphase of the polymer. Even if they are
ora2sent in the o incerphase, we do not expect them to influence cne pH
Jependence of the contact angle {see below). They can, of course,
influence the magnitude of the pH-independent component of the contact
angle,

on. The experimental techniques used in
medsuring the advancing contact angle (aa) as a function of pH on

4 We emphasize

PE-CJ,H and derivatives have been described elsewnere.
the iaportdnce of using buffered solutions, and of carrying out
measurements in an atmospheré maintained dat 100% relative humidity.
Certain of the contact angle titrations involved interfacas
naving relacively small values of A8, between the ionized and
unionized form., To provide a sanse for the reproducibility of contact
angle measurements, we performed a contact angle titration on a single
type of surface, PECCONHCH(CO,H)CH,COpH], which was synthesized and
evamnined on four different occasions. Figure 5 shows the individual

contact angl2 measurements determined at pH 1 and pH 13 (all integral

values of pH between 1 and 14 were exanined and had similar

raproducibility) on the four diffarent samples. Fron che scdtistics

P .
CONE O

D}

optained from this (Fiqure 5) and other experiments, we conclude that

contact angle measuranents are reproducible fron saaple to sample #5°,

P

and on a given sample #3°  The advancing angles were reprnducible, and

1
xx .-',.A\J"."’.’\J
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Avg, X: 34 35 36 34
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6,
i | o
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Avg, T: 12 14 19 18
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-0.15 -0.15 0.14 -0.12
Avg 6pH1= 35 O =1
Avg g oH13 16 g(x)=3
Figure 5. Examination of the types of errors observed in contact

angle measurments. The contact angle (pH 1 and pH 13) was
determined on four samples of
PE[>C=0][C0NHCH(C02H)CHZCOZH] independently synthesized
and exanined on four different occasions. Each point
represents a separate measurement of contact angle using a
new drop of water and a new region of the interface. The
average and the associated error for each trial, along
with the change in cos 6 between pH 1 and pH 13, is also
indicated for each triai. The overall average and
associated error are aiso reported for each pH.
Measurments of 8, at other values of pH between 1 and 14
nad similar reproducibility, as did measu.ements using

different samples,.
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surprisingly stable. The contact angie of a number of aqueous drops on
the surface of PE-COpH was constant for more than one hour when the
chamber in which the sample was examined was maintained at 100% relative
humidity.4 Tapping the sample to jar the drop had no significant effect.
Even tilting the sample had only a small influence on contact angle
(Figure 6). The drops used in all our work (1 ulL, R ~1 mm) were small
compared with the capillary 1ength13 K1 ~ 3 mm; for these drops,
gravitational effects are not important. For larger drops (10-50 ulL), the
advancing contact angle (pH 1) on PE-COpH was still relatively unchanged
(£5°%).

We have surveyed the hysteresisl4 of a range of samples representing
different polarities by drawing liquid back into a syringe in contact with
the drop and reading 6, when the drop edge had stopped receding. We have
arbitrarily plotted these results against the llansch 7 parameter (see
below) characteristic for that substituent (Figure 7).21 A1l samples,

including those with nonpolar interfaces, show hysteresis.

Non-lonizing Functionalities. Table I gives advancing contact angles

" for a range of functional groups R in the contact angle interphase of
PE[R]. None of these groups change their state of ionization over the pH

range 1-13. ¢Even incorporation of very polar, hydrophilic groups such as

L R
“'ll“‘

‘l 1‘
Y%

N-acylglucosamine, sulfate, and sulfonate into the interphase does not

yield systems showing complete wetting.
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on the contact angle 8. Drops were tilted while under
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100% hunidity. The drop did not move along a surface

tilted to 45° or 60° from normal.
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(pH 1 (except for PE[COZ']: pH 13)) on samples of

..

functionalized polyethylene with a range of polarities in

Fl

the contact angle interphase. Samples shown: PE[COZ'],

y N .n:. A 4

[P

n

-4.4, PE[CONHNHZJ, m = -1.92; PE[>CH0H][CH20H].

m

-1.13; PE[COZH], n= -0,72; PE[COZCH3], n = -0.01;

. EEXS
N

PE-0,CgH 7, ™ = 0.55; PE-[>CHOCORI[CH,0COR], R = C;;H3s,

n

0.55; R = CF3, m = 0.5 (estimate); R = C7F17.

L) J m

0.88.
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Table [. Contact angle of water on interfaces containing na functional groups

A "R R TR TN

whose state of ionization changes with pH3:2,

Code Sampie 8, Code  Sample 8,
1 PE-H {unoxidized) 103
Anides gsters
2 PELCONH-glucose] 20 18 PE[COZCH3] 30
3 PELCONHCH,CH,OH] 40 19 PELCO,CH,CH,Br ] 97
4 PECCONH,] 50 20 PECCO,CH,CHA ] 103
S PELCONHCH4] 49 21 PE[COy{CHy)CH;] 107
5  PE[CON(CH3),] 53 22 PE{CO,CH( CH3) 5] 110
7 PECCONHCH(CHyCHCHa) 5] 91 23 PELCO-{ CHy) 3CH5] 116
8 PELCONHCH(CHy{CHa)5) 5] 100 24 PECCO,CH(CH3)CiipCHy ] 115
9 PE[CONHCH,-(c-Cqy;)] 103 25 PELCOH{ CHy) 5CH4] 123
10 PECCONHNHCOC ) Hoq] 110 26 PE[CO,(CHy) 7CH4] 125
11 PE[CONHCgHs] 113
12 PE[CUNHC8H17] 114 Others (always ionized)
27 PELCONHCH,CH»S057] 32
Alcohol Derivatives? 28 PE[CONHCHZCHZOSO3'] 36

13 PE[CHZOH] (=PE[>CHOH][CHZOH]) 68

14 PE[CH,0CO(CHy) | 6CH] 123
15 PE[CH,0COCF3] 126
16  PECCH,ICO(CF,)oCF4] 134
17 PE{CH,OCO{CF,)4CF;] 141

2 The alcohol derived surfaces actually contain esters formed from primary and
secondary hydroxy groups derived from the reduction of carboxylic acid and
ketone groups, respectively.

|or

Amides were either prepared by redction of PE-COC! with RNH, (NH3, and
methyl, dimethyl, and octyl amines) or by reaction of PE-COSCH, ~ith RMH.,
esters were prepared by 1cid-catalyzed estarification of PEZC05H; alconoT
derivatives were obtiined by reaction of PE-CHZOH with aci1d chiorides or
anhydrides.
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Equations 9 and 10 provide a rationalization for this lower limit to
contact angle, as well as an interesting implication for efforts to design
fully wettable surfaces derived from PE-COpH. In the plateau region of
Figure 3 (top), increasing the polarity of R has no influence on ¢
(although it might influence behavior in "dry spreading").13 The only
practical method to increase the wetting of the ingerface beyond the
plateau value appears to be to increase Ap, either by increasing the
extent of functionalization of the interface, or by increasing the size of
the polar substituents R so that they occupy a larger area fraction of the |
interface sensed by the wetting 1iquid.

Figure 8 shows the contact anglzs on a series of interfaces
modified by formation of esters with oligomeric polyethylene glycols
PE[COZ(CHZCHZO)nH]. These experiments are designed to test the
hypothesis that large groups nave a larger influence on 8, than dd
small groups with similar hydrophilicity. As the length of the
poly(ethylene glycol) (PEG) chain incredses over the interval n =1 to

n = 14, 8, decreasas. Above n = 14, however, &, increasas slowly with

a

n. We attribute the decrease in ea between n = 1 and n = 14 to the

effects of size: Ap increases as n increases, and the contact angle

v %

drops as nonpolar regions of the interface are covered by the polar

e
l'-

a0
v
vt

chains. We suggest that the increase in 9, for n > 14 can be

E;f attributed to a slight decrease in the average polarity of the PEG
E;i group as n increases. The OH group at the end of each chain is

:gi appreciably more hydrophilic than the ether um’ts,21 and increasiny
(SRS

'i[ the chain length lowers the overall polarity. For small values of n
Ar

: the incraased area Ay is more important, but as n increases tne

:ﬁ predomindance of the ether groups outweighs the increase in areq .22
.
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Figure 8. The influence of the size of the polar group Ap on the
contact angle (pH 1). All samples were esters of
paly(ethylene glycol), PE[COZ(CHZCHZO)HHJ, with the size
determined by the length of the ether chain, n. Note:
The abscissa undergoes a change in scale after n = 15.
The interfaces were prepared by reaction of PE[COCI] with
the appropriate oligomer or polymer. Forn=1ton-=4§
the pure, neat liquids were used as reactants; for n > 4,
molecular weight mixtures were used, with n indicative of
the average molecular weight; for n > 14, the reaction
between PE[COCI] and the polymer was carried out in

acetone since the polymers were solids.
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From these and other experiments, it appears that it is possible to
reduce the contact angle on these types of interfaces by increasing the
effective area covered by polar molecules. We have not been able to
generate a surface frem PE-COpH that has 85 = 0, even when large, polar
polymers (such as poly(acrylic acid)) have been attached to the
interface.23 This failure may be due in part to crystalline, oxidation-
resistant regions of the interface having dimensions of 0.01 to 0.1 um. 24
I[f (relatively) unfunctionalized regions of this geometry are present in
the interface, it would be difficulty or impossible to cover them
completely with individual molecules attached to the polar regions of the

interface.

QQQQQ{XLl%mQQLdS' Figure 9 summarizes contact angla titrations
of a number of derivatives of PE-COoH having carboxylic acid groups in
the functionalized interface. All of these materials having
monocarboxylic acid functionalities show a pH dependence of the

contact angla that is guatitatively similar to that of PE-COZH.

The width of the inflection (4-5 pH units) is similar for all monoacids
(although di- and tri-acids are broader); the magnitude of the
difference between low and high value of pH is also similar.

The acidity of carboxylic acid groups is low on interfaces that
have Tow polarity as a result of intentional inclusion of non-polar

functions: examples of representative values of pK (th2 value of

=1/2
solution pH at which the contact angle has a value midway (in terms

of cos ea) between those of the high and low pH plateaus) include
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Following the structures summarizing the functional groups

x
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in the interface are values for the changes in 8, on

*
y
v 5

-

i' ionization and for A cos 8, The inflection at pH 10.5
]i{l for PE-[>C=0][CONHNHCOCF,CF,CO,H] is due to ionization of
= the NHCOCF, proton. The number to the left of the

. structure is used for identification in later fiqures.

S Structures derived from PE[)CHOH][CHZOH] are abbreviated

with an *: PE[*][CHZOR] = PE[>CHOR][CH20R].
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72 18.5 (38,-0.59)
)
8 29| A2 PELCHGCOCF|(COH]

B w. (43, 0.57)

' e~ 5 | 43 PE(>C20J(CONHCH(COH)CH,CO ]

5
® ° [7.5 (21, 0.16)
1
22 -
53 7.5 A4, PE[>C=0]{CO,H]
' (33, -0.35)
: B| a5, PECICH,NHCOCH,CHLCO,H]
57 7.5 (28, 0.30)
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42 ' 21, 0.20)
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A8, PE[>C=Q][CONHCH,COQH]

49 N {21, 0.19)
: 20{ A3. PE[>C:zQJ[CONHC,H,CO,H (p)]

53 i7 (29, -0.28)

20| A10. PE[>CHOH][CO,H]

6 W (33, 0.34)
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{
b PE[>CHOH][COoH], 7.5; PE[>C=0][COpH], 7.5; PE[>CHOCOCF3]([COpH], 8.03
2}if PE[>CHOCOCgH7][CO2H], 10. This effect can be attributed in major part to
hf$4 an increase in the difficulty of ijonization (and thus an increase in
\
b pPK1/2) of the COoH groups as the local polarity they experience
>
- decreases.?
-w‘,\.-
o The relationship between 6y | (that is, the contact angle on the
;ZV protonated form of the interface) and 4 cos 8, is instructive (Figure 10):
. '_'4_:
~ﬁ§ As OpH | decreases, A cos 4 also decreases. This relationship is
e
r‘; consistent with eq 12c.
o
~ We note that & cos 6, changes significantly for interfaces in
‘iii which the nature of the ionizing group is unchanged (PE[>CHOHJLCO,HI, f
o |
o 5 cos 8, = -0.34; PE[>CHOCOCF3](CO,H], & cos 8, = -0.57;
{
i~ PEC>CHOCOC, 1 H,,J[CO,H], & cos 8. = -0.59). This observation indicates
- 11723 2 a
o
::. that the nature of the functional groups surrounding the carboxylic
l-!‘l
:;;: acid yroup influences the magnitude of 4 cos 8,, and that the
3&;: contributions of functional groups to interfacial free energies are
\
rl
‘:ié cooperative, rather than independent as assumed in eq 7.
(. |
+8 Yodel Sxstems:..Quisnted. Qryanic Nonolayers. PE-COH is o
N‘ < . . « .
-E*: conplex systam: interpretation of its wetting behavior is difficult
Pr -,
;;;: because evidence concerning the molecular-scale structure of its 8
r
A
.,, interphase is inferential. We have, in a related project,25 examined in
A7 . .
j}; detail the properties of oriented organic monolayers of thiols having the
./-_:.:
j:; structures HS(CH),COoH and HS(CH,),CHy adsorbed on thin gold films. Here
l\':
5‘, we summarize several conclusions concerning their structure and describe a
N
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number of data relevant to their behavior in contact angle titration.

These data are useful in interpreting the more extensive data for PE-COpH

and its derivatives.

Long-chain alkyl thiols functionalized in the w-position with a
number of organic groups adsorb spontaneously on gold and form
c-iented monolayer films (Figure 11)., The packing density of thesea
films is high, and the component thiols nignly om‘ented.%'z9 The
oxidation state of the sulfur when adsurbed is still not unambiguously

29

estanlished; here we write it simply as tniol (SH). Wa and saveral

other groups working on these systems have conciuded that the alky!

chains are fully extended, with densities similar to that expected for a
crystalline sheet,30 and have significant crystalline order.3!l They
provide the most highly ordered system presently applicable to the study o
tne physical-organic chemistry of interfaces. Figure 12 summarizes

observations made on the wettability of films prepared by adsorption

of mixtures of HS{CH,),=CO,H and HS(CH,),<CH~ on gold. The mole
2/15%%2 271573

fraction x of the carboxylic acid component in this mixture rafers to

the solution value. (X-ray photoelectron spectra suggest that surface
acid mole fraction in mixed monolayers is less than the solution value:
however, the exact surface composition is not critical in cur

analysis below.) Because CH3 and COoH groups are similar in size,3!

Xi = Ay (eq 9). Several observations are relevant to the

behavior of PE-COZH. First, when XCOZH = 1, the interface is
completaly wettanle at both pH 1 and 13. Thus, an interface composed
of closely packed COZH groups is conpleteiy wetted (cos aCOZH =1, eq

10). Fur intermediate vaiues of g, the contact angle at pH 13 is
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R o o et i e X T Sy o )
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Figure l1. Schematic illustration of the formation of monolayers
o from HS(CH2)15CH3 and HS(CH;)15C0oH. Monolayers

;w:: were formed by the spontaneous adsorption of

the thiols onto the gold surface from ethanol solution.

SESCLY0E
e

..‘: .

4

A
il Tl

e oa N N

v, @ ',:',ll'-

-

.J..'-"_-.'.'-‘.'.-_'.-,'.-,,'.»-\.-—{".'.-_'.-q'.'_'..'_,'.','- R AP et e 2 T T T T T T T T T T T T S Y e e U N S N N N
- wm e e e T e - - - - - . . T e e e LT LN e T e - . - . . - * ~ et R L T R VN L A N *
O O P i I O A A N SN A A T TP NS : TSN

A A R A "

.... .




<,";.
[hELEAS W

~
ey
T

T 2
ALY
P RO T S R 1}

- "E !. e

2

i-',"

cos O

Figure 12.

e e

Wt D T
"""\f‘u"-;' "nj‘-"'u’\:ﬁ\_"’ ."wf y ‘ﬁ-.

™

® adv, pH 3 O ret, pH 3
R adv, pH 13 o ret, pH 13
120
100 )
L
80 8 ®
60; N O
[ ]
401 = ® 0
201
] o
0 v ) 1 Y : fJ:"—m
0.5
[
0.0 1 !5 °
1 o ®
a m O ©
0.5- o
u ]
4 a | | o
1.0 t——rp—rre e e S M
0.0 0.2 0.4 0.6 0.8 1.0
A COOH

Contact angle as a function of XCOoH- Advancing and receding

angles were determined at pH 1 and pH 13.

."‘.

A Rt T AR
ARSI AN

wA M AaAnralal

TR Pt AT e et
F A E A P R h‘.\’\
WSO 1% IR THAR LR AL

)

N




RN
l‘y &{j’)‘;’- -,'.?.J

rece@r
.'x‘\‘}v

.
a.&;a.*:’.'-

Lo

LR,

MR R RR]

- R A

- 24 -

Jower than the contact angie at pH 1, the difference presumably deing

due to ionization of the interfacial carboxylic acid groups at nigh

pH. Second, the hysteresis in this system, although large, is
significantly less tnan that observed for PE-CO,H. Tilting the

sanple, however, still does not cause tne drop to roll down the plate,

as with PE-COpH. The magnitude of the hysteresis for measurements at pH I
appears to be independent of the polarity of the interface: cos §; - cos
9 = 0.15 at x = 0 and at x = 0.8. For measurements at pH 13, the
hysteresis increases as xcg,y increases, until the receding angle is zero.
Third, the contact angle titration curve at x = 0.6 (Figure 13,

selected because 8, oH 1 is approximately equal to that for PE—COZH)

is, in some respects, similar to that observed for PE-COZH: in
particular, the values of epH 1 and epH 13 are similar for the two
systems. The carboxylic acid groups in the monolayer are, however,
significantly less acidic than those for PE-COZH (951/2 > 11). It is

also unclear whether the contact angle reaches a plataau at high pH.33

To help evaluate the importance of contributions from WBH to the
change in 9, on this interface, Figure 13 also includes a plot of 8,
as a function of pH derived using eq 16 assuming the intarfacial PKy =
11. This plot also assumes that the density of carboxylic acid groups
in the 8 interphase is equivalent to that in a close packed stearic
acid crysta1,3o 5 x 1014 cm’z, reduced by the mole fraction of acid
groups present in the monolayer (assumed to be equal to mole fraction in
solution, 0.6) to yield n = 3 Xx 1014 cm-2. In this analysis, the drop in
8, as the pH increases is due solely to the entropy of dilution of the

proton that is released upon ionization. Although eq 16 clearly does not
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Figure 13. Contact angle titrations of monolayer surfaces containing

methyl and carboxylic acid groups (XCOZH = 0.0, 0O;
0.6, B ; and 1.0, ; Figure 12). The contact anygle
titration obtained for PE-CO,H is shown as a solid line
for comparison. The dashed line is the behavior expected

on the basis of eq 16 with the following assumptions:

= 11: = °, = 14 -2
PKy = 11; 85 oH 1 62 °; and n = 3 x 107 cm™¢ (see
text).
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describe quantitatively the behavior of either PE-COsH or the monolayer
system, it does indicate that the free energy of ionization is in
principle sufficiently large to influence 4,.

[t is important to later discussions to note that cos dCOZH —

4

1 only close to XCOZH = 1, while cos aCOZ— — 1 at XCOZ' X 0.7. Tne

difference between these two intercepts is that expected gualitatively

on tne basis of hydropnilicity. Moreover, the question of wnether

cos dCO?H = 1 (eq 12) in the environment provided by PE-COoH s,
however; not unanbiguously answered from these experiments, since the
polarity experienced by COZH in a monolayer and on a hypothetical
perfectly functionalized polyethylene interface may not be tne same.
The data in Figure 12, in conjunction with data from PE-COZH,
raise certain questions about the model used in deriving egs 2-12,
and especially about tne assumption that the contributions of
functional groups to interfacial free energies are linearly

independent (eq 4, 5). An ordered monolayer interface composed only

of COpH groups (Figure 12, x = 1.0 ¥ ACOZH) has 8, = 0°. This result

suggests that this interfdace has a significant amount of adsorbed

water:

that is, vgy ~ YLV.34 Thus, the carboxylic acid yroups on

tnis interface fall into the range of functional group hydropnilicity

wnere jncreased hydrophilicity should have no influence on 6a or €os

9

5 (Figure 3, regime B).

In fact, however, the observed value of 9,

on interfaces with XCOZH < 1 1is lower at pH 13 than at pH 1. There

are two possible explanations for this behavior. First, the decrease

in 3, at nigh pH is due to the energy of ionization (Figure 13, 8,0, @

p0ss3ibility that we cannot presently disprove. Second, the amount of

water adsorbed on the COZH groups is less when surrounded by
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nydrophcbic methyl groups than when surrounded by COoH groups. Thus,
when XCOZH <1, the carboxylic acid groups may not, in fact, be polar
enough to have a thick layer of adsorbed water. Conversion of these
carboxylic acid groups into carboxylate anions could then result in
the obsarved decrease in 8,. We note that this second explanation is
consistant witn data fron PE-CO,H and derivatives.

We conclude from the similarities between the contact angle
titration curves for PE-COpH and the oriented tniol monolayers that
the behavior of the former is not unexpected for an interface
containing a mixture of ionizable C02H and non-ionizable, non-polar
functionality, and is not predoninately an artifact of swelling or
reconstruction in the complex polymer interface (although these
phenomena probably are important in determining hystaresis). The

important observation that the values of 9, are similar on rough,

a

heteroygeneous PE-COZH and on relatively flat, homogeneous monolayer

systems that plausibly simulate the mixture of functionality present

Y

in the polymer interface (x = 0.5), but that nysteresis is relatively

much smaller on the monolayer than on the polymer, implies that the

Wy
.ﬁ".r‘.f‘

observed values of contact angle on the polymer are close to
equilibrium values. How it is possible to obtain quasiequilibrium
values from a system in which high hysteresis implies important non-
equilibrium determinants to wetting, and wnhat combination of
thermodynamic and kinetic factors (in detail) fixes the observed

values of 35 remains to be astablished.

Anines. @ igure 14 summarizes the results or cocntecs angle
730 7 P P PRy VY

titration on amine-containing interfaces. Al] of the interfaces in

this figure (and most simple secondary tertiary amines) yield
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;j:j changes in the contact angle as a function of pH; interfaces containing
1355 other types of amine groups (especially primary amines), do not (see

E§ below). The form of the curve of 6, vs pH is the reverse of that obtained
‘i; with interfaces containing carboxylic acid groups: the contact angle

increases on going from lcw to high pH. This result is expected for an

Pl Ak el e 4

- o,
AL 800

interface containing basic species that are more hydrophilic in the

charged, protonated form (NHR3*) than in the neutral, deprotonated form

Pt

(1R3).

2; The pKy/p of each of the interfaces summarized in Figure 14 is

:ff{ significantly lower than the PKy of the corresponding soluble

' species., Tnis result is the opposite of that for the carboxylic acid

J:l; interfaces, for which the pﬁl/z was always higher than tne pK, of the

25 soluble analog. We attribute the shift in pKj,p relative to the analogous
:3; solution pﬁa in the interfaces containing both carboxylic acids and amines
oo

to the difficulty associatad with creating a charged group at the

; :; interface (due to a low local dielectric constant and perhaps to
.
-x- charge-charge interactions).
e,
:;: The four amine-containing interfaces that did not display any change
'fij in the contact angle with water as a function of pH (Figure 15)--three
L
:? containing CHpNH, groups and one a pyridine--were made by independent
o L : .
\‘r methods (Scheme 1) to minimize the chance that a synthetic artifact
kQ (failure of a synthesis, interfacial reconstruction during synthesis) was
{ig responsible for the surprising absence of an inflection in the titration
'.':'.
" curves. A1l have a relatively low contact angle that is independent of pH.
2
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Figure 14. Advancing contact angle 6, as a function of pH for
interfaces containing amine moieties, Each curve shows
values of 9, at high and low pH, and the values of
pﬁl/zo Following the structure summarizing the functional
groups in the interface are values for the change in 8, on
ionization and for & cos 8,y The number to the left of

the structure is for identification in later figures.
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Figure 15, Contact angle titration of four amine- and pyridine-
containing interfaces that show no dependence of 6, on pH,
together with contact angle titrations for derivatives of
these substances. The data for PE[)CHOH][CHZNHZJ and
PE[>C=OJECONHCHZCH2NH2] summarize data both from a number
of replicate titrations and for materials prepared by
different synthetic methods (seven titrations and one
synthetic method for the former; nine titrations and two
different synthetic methods for the latter). The scatter
in the data shown for these two samples is indicative of
the magnitude of the variation in different experiments,
rather than the smaller scatter in one experiment.
Individual experiments gave data of the sort shown for
PE[>C=O][CH2NH2], but the plot shifted up or down for
different samples. A second derivative of
PE[)CHOH][CHZNHZJ was made by reacting it with dansyl
chloride, a material that does not react with aliphatic
alcohols.29 The titration curve for this interface is

shown in Figure 14 (M6). The structure shown as

PE[*][CHZNHR] is an abbreviation for PE[>CHOR][CH2NHR].
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PE[>C=OJECH2NH2] was prepared by reaction of PE[>C=O][CH2C02H] with

J

ﬁ\{ HN 5 in sulfuric acid-chloroform. The interface of this material :nay
Ezé nava reconstructed partially under the conditions employed (CHC13, 50
zsrl °C, 1 h); reconstruction would result in a decrease in Ap.l7

:ii PE[>CHOH][CH2NH2] was prepared by initial reaction of PE[COCI] witnh
,ES% NHq0H to form PE[>C=O][CONH2], followed by reduction of doth amide and
w~ ketone groups.5 PE[>C=OJ[CONHCH2CH2NH2] was made either by
ii: esterifying PE[>C=O][C02H] in nethanol and forming PE[>C=O][C02CH3]
‘fis and allowing this interface to react with ethylenediamine, or by
fi}- causing PELCOCT] to react with ethylenediamine. Tne ketcne groups are
L;f probadly still present after these transforma:tions, but we have not
’§§ characterized them explicitly, The interfaces made by these two
(;‘ synthetic routes are indistinguishable. PE[>C=0]{CONHpyr] was
i:j prepared by reaction of PE[>C=0]{COC1] with p-aminopyridine.
22; The fact that none of these samples show a pH denendence of the
é;; contact angle establishes that this property is not simply an artifact
g%j of a single synthetic method. ATR-IR spectra of samples containing
fzg CHoNH, groups suggest that amine functionalities
\if comprise a significant portion of the functional groups present in the
-;i functionalized interfaces (based on the ATR-IR peaks at 3350 en~! {NH
755{ and OH) and 1640 cm~? (NHy scissor) (Figure 4) and 1120 e+
fjj (C-N)).35 In order to prove, however, that the anine groups are
':g present in the 8 interpnase and actually do not influence the contact
E? angle (althouyh secondary and tertiary amnines do so), we converted

;; them to new functionalities (CHZNHSOZR and CHZNHCOCF3), both
‘?; sufficiently acidic to deprotonate in an accessible ranyge of pH. The
-
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resulting amides display the expected dependence of contact angla on
pH (Figure 15). In addition, PE[>C=O][CH2NH2] was allowed to react
with lauroyl chloride. The resulting interface was hydrophobic (85 >
100°), prasumably as a result of forming PE[>C=O][CH2NHCOCIIH23].
Thus, unless these interfaces reconstructed during these reactions to
bring "buried" amine groups into the 8 interpnase, we conclude tnat
anines are present in the 8 interphase but do not change
nydropnilicity with pH. We beliceve reconstruction of the interface
during reaction to be unlikely: CH3502C1 does not appraciably swell
polyethylene at room temperatura, and aven in solvents that swell
polyethylene (methylane chloride, toluene) reconstruction typically
results in the loss of functionality from the contact angla interphase
to the interior.’

Why is the wetting of the three interphasas containing CH2NH2
groups independent of pH? We propose that these groups have redcned a
limit in hydropnilicity and that conversion of CH NH, to CHoNH,™ does
not appreciably increase the hydrophilicity of the interface (that is,
that cos 35 ¥ 1 for both CHyNH, and CH,NH4™ (eq 8,9)). This proposal
is justified in detail below. We note hera, nowever, that a plot of
3 CO0s 7, VS COS apH 13 for all the amine-containing interfaces
examined (Figure 16) shows a general trend similar to that observed for

carboxylic acid containing interfaces (Figure 10): A cos §, decreases

with cos 8, for the unionized interface.

Other IonizinQ Functional GrouQs. We have surveyed interfaces
B P T T A P T P W P Y Ve PV VA "1 " Py VR, Pl Ve P ¥

containing several other ionizadble functional groups (Ffigura 17). All

St AR anis ang ava ava o |

DI T e I N i TV T R Y " W e 3 . ; K
e o W Vs R o B .;}# v S O AT ST AT
NN Idi3ix2RixQ3Qﬁgﬁixdﬁifﬁycdbﬁbuedgabwbecbe;&'



cos 9 a, pH 13

Figure 16.
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Correlation between the contact angle at pH 13 (the
contact angle on the unionized interface) and the change
in contact angle upon ionization for amine-containing
interfaces shown in Figures 14 and 15. The labels
correspond to the labels used in those figures. The solid
line represents a least squares fit to only those samples
that showed a change in @, with pH (4 cos 8, £0°% @,
O ). The open symbol ( Q ) represents an interface
requiring four synthetic steps and thus may have a lower
interfacial density of amine moieties than the other
interfaces. The value of cos epH g Was used in place of
cos epH 13 for the interfaces that contained an acidic
group in addition to the amine function (M6, 47, Figure

14).




"\_::‘-:

SO

k\ 1‘

_\.-.
} .;: o«
‘R
>

s 48 ®_g4g| R1. PE[>C=O][CONHCH,CH,SH|
{ (Disullldu?)

:_\ 100 ~00— 00

o R2. PE[>C=0][CONHNHCOCF,]
i 7 (46, -0.76)

A

\ S3Agreteteeeg s \ 54
- o R3. PE[>C=0J{CONH<{ Y]

ﬁa; o IQ\‘\\ (23, -0.32)
b . B(OH
e a 30 (01
b

o PEbC:O"CONHﬂ§:>1

) (46, -0.71)

{ OH

o5 PE[>C=0][CONHCH,CH,PO(OH),]
o2 | (23, -0.35)

o —e— 50

L »l |4
‘:j? I 39 (1 R6. PE[>C=0}[CONHCH,CH,0PO(OH),]
i | 033 (12, -0.15; 6, -0.06)

\::' ) T T T

- ! I I l
by, pFi

g

'1\-

(-

>
B

Figure 17. Advancing contact angle ea as a function of pH for
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interfaces containing a variety of ionizable functional

N groups. Each curve shows values of 8, at low and high pH,
-..":x.
O and the values of pK,,,. Following the structure
. @ -
}}5 summarizing the functional groups in the interface are
Lo
o values for the change in 8, on ionization and for
P
LN & cos 9,. The number to the lett of the structure is for
Eﬁi’ identification in later figures.
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of these samples, except that containing a thiol group,36 shows a pH
dependence for the contact angle that is qualitatively consistent with the
solution ionmization of these functional groups. For comparison with
previous data, Figure 18 plots A cos 8 on ionization against cos epH 1 of
the unionized surface. As for interfaces containing carboxylic acid and
amine moieties. the change in contact angle decreases as the contact angle

on the unionized surface decreases.

defined the hydrophilicity of functional groups in terms of their Hansch =
parameters.Zl  The n parameter is given by eq 17, and is defined as the
Tog of the partition coefficient (octanol/water) of the functional group
attached to a benzene ring minus the log of the partition coefficient of

benzene itself (2.13). Thus, m is a parameter that measures the relative
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%:1. stability of a functional group in water and in a low-polar ty medium

’;g (octanol). In an ideal system having only one type of interfacial func-
;;%fj tional group, Young’s equation (eq 1) could be interpreted similarly as
tf:; measuring the relative stability of that group at the interface between
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’ :ﬁ groups. Data plotted are for interfaces shown in Figure
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both » and 8, are measures of the relative stability of a functional
group in polar and nonpolar environments, we postulate that n» and

cos 6, are linearly related (eq 18, 19). Eq 13 hypothesizes a linear

- = Q - Q /
ﬁIL(*s,Hzo Yoy C“’IL(GHZO G3czanol’ (13)
2.3 RT .
cos 8. = -a,, ( ) (13a)
a iv KILYLV
cos 9, = Cn (19b)

frea energy relationship between corresponding interfacial and
solution free energy terms: IIL is a dimensioniess constant of
proportionality between interfacial and solution terms, and EJL is a
constant that converts interfacial free energy (in ergs/cmz) into free
energies (in kcal/mol of surface groups).37 Simplification of eq 19a
yields eq 19b, where C is simply a dimensionless combination of
constants (for experiments at constant T). An obvious extension of ey

19 to interfaces with more than one functional group yields eq 20.

SR A
a sl

@ cos 5, = [ ACT, {20)
3 1

o ..

t:- To= L 51 " (21)
L i

L

N

A APAN Y S W ELINLYS N S TS » LI I R S I S -, N -
N P A P N N I N I A A ERC AT S SF SN
> ¥ " J_-’.i-_,a:&-..\

N ".‘.L\." LIPS

oo e
PRUCIURATIN ', YOR TR CH TN O

VSN ‘\.‘\'v“\f“‘ S RS

Y o




R A L T B A R R R I S A . R TR T Y Ty e vl v

AN AN Al A S08-sAn= Suaie- -k SN chn- 080’ SRR ae- cha |

As indicated previously, we have no method to measure_ﬁi
experimentally, but we have estimatad Xy, the mole fraction of the
different functional groups present in the interface. We assume that
x; = Ay for most of the interfaces considered. We have previously
estimated that for the starting material PE[>C=O][C02HJ, XCOZH = 0.3,
Xc=p = 0.2, XCHZ = 0.5.4 For PE[>C=O][C02CH3], the corresponding
values would be xcq cu

V'3
PEﬂ)CHOCOCF3][CHZOCOCF3] in which both carboxylic acid and ketone

= 0.3, Xc___o = 002, and XCH"* = 0-5, for
<

a
Y,

moieties are reduced to alcohols before acylation, the values would be

Ly,
}v {"

)
P2l

XCHOCOCF3 = 0.5 and XCHZ = 0.5. Values of = for the functional groups

‘et

were obtained from the 1iteratur921 or estimated following the
procedure outlined in the Experimental section.

Figure 19 is the first of two plots relating the hydrophnilicity
of the interfacial functional groups to the wettability of the
interface. It is simply a plot of the observed values of %5 {or cos

8.) as a function of =; for the major functional group involved. This

al i

plot makes no correction for the functional groups derived fron the
ketones {whether in the form of a ketone or alcohol) nor does it take
into account the presence of CHZ grdups. It does, however, establisn
the important qualitative point that the wettability of the interface
doeas not seem to respond to decreases in m below -2 (that is, to
increases in hydrophilicity beyond the level reprasented approximately
by PE[CONHNHZJ, PE[CONH-glucose] or PE[CONHCHZCHZSO3']).

The second plot (Figure 20) follows eq 21 in determining the "

value for each interface and thus takes into account tne

nydrophilicity of all of the functional groups on the surface. Again,

there is a strong suygestion of the influance of the nydrophilicity on
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Figure 19. Correlation between 6, (top) and cos 8, (botton) and the =
value of the functional groups attached to PE-R. The n
values were obtained either directly from the literature
(filled synbols, @ ),21 or estimated (open symbols, Q ;
see Experimental). The n values of the open symbols
should be considered less accurate than those for the
filled symbols. Interfaces shown contain either >C=0 or
>CHOH groups and CHZ/CH3 groups; these were not taken into
account. Larger (more positive) n values indicate lower
hydrophilicity., The data points labeled with an "'" (e.g.
A4') represent 8, on the ionized form of the appropriate

surface (e.g. A4).
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Figure 20. Correlation between 8, (top) and cos 8, (bottom) and n*
(eq 21; n* takes into account all of the functional groups
believed to be present in the interface) determined for
each interface in Figure 19 and others. The n values used
to determine n* were obtained either directly from the
Viterature {filled symbols, @ ),21 or estimated !open
symbols, Q ; see Experimental). The = values of the open
symbols should be considered less accurate than those for
the filled symbols. The data points labeled with a "'"
(e.g. A4') represent 6, on the ionized form of the
appropriate surface (e.g. A4). The line is a best fit to

the linear portion of the graph (=* > -0.8).
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the contact angle, as anticipated by eq 9 and 10 (Figure 3). This

figure also shows the predicted relationship between cos ¢, and n* (eq

a
18b) using xin place of n. The constant C was determnined from a

*
best fit to the data with r > -0.8: C = -1.1.37 At Tower t* . cos e
becomes unresponsive to changes in 1* and the data devidtes

significantly from this line.

Between Yalues
“* +v

of Interfacial oK., and Soiution
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pj S Figure 21 sumnmarizes tne data obtained for all the jonizaole species
as a plot of the observed values of PKy/2 Vs the pK; of the ralevant
functional group in agueous solution. In some instances the pK,
values reported for the solution analogs are licerature values (e.g.
PKy = 3.24 for CH3CONHNH2 as an appropriate soluble analog for
PEECONHNHZJ).38 In other cases the pK, values are predictions based
on the widely recognized refationships between the various functional
group interactions in a molecule and the resulting pﬁa.39 A datum
falling along the diagonal line in this plot would have the same
values of 951/2 and PK,: that is, the value of solution pH reguired
Z2 achieve hal€-7onization would be the same for that group at the
interface and in solution. In fact, all of the data exanined fall in
Jroups above and below the lTine. Those faliing above the line, with
the surface PKy/2 larger than solution pK, are all acidic species,
wnile those falling below the line are all basic species. The origin

of the difference between acidic and basic species is certainly the

difficulty in generating either positively or negatively charged

functional groups from neutral groups in the interfacial region.
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Figure 21. Correlation between 951/2 determined by contact angle
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Aaliak)

titration and the PK;
solution,
(amines) and filled symbols ( @ )
(carboxylic acids,
sul fonamides,

acids).

for similar functional groups in
Open symbols ( O ) represent basic species
represent acidic species
phenols, fluorinated amides,

phosphonic acids, alkyl phosphates, boronic

The data point labeled R6' represents the second

(more basic) PKy o and pK, of interface R6 (Figure 17).
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(.\J We summarize the conclusions from this work.

:ﬂ}} 1) The advancing contact angle of water on PE-CO,H and its
f;:: derivatives correlates with the hydropnilicity of the functional group
Q:{‘ in the interface. The quality of the correlation between cos §, and =
b
‘N'f is ramarkably good (Figure 20). e emphasize one nidden similarity:

In both "moist" wetting of the polymer interface by watar and in
e partitioning of organic molecules between octanol and water, the non-
p ~_.:.’,

i:ﬁ polar phas2 (air or octanol, respectively) is saturated with water.

il& Henca, polar groups are free to solvate with watar both at the solid-

—N
,q!v vapor interphase and in the octanol phase, provided that their
:-s‘,"-'

- affinity for water is sufficiently high.

Sy
Nt l‘\ . . 13 - o .

;’: 2) The influence of increased hydrophilicity on contact angle
(\:. appears to saturate for very hydropnilic substituents (n $z2). The
_:j; chemical potential of water is constant tihroughout the system (liquid
-

O .. e . )

e water is in equilibrium with water vapor and with water adsorbed on
NG tha functionalized interface). Sufficiently hydrophilic groups will
i;:; be solvated (that is, strongly associated with adsorbed water) on the

s

N moist interface used to Jdetermine 9, (Figure 22). These water-
®
st solvated groups will resemble water itself from the vantage of
)

Y
jgj additional watar molecules. Hence, all interfacial groups that are
N
b, sufficiently polar to be highly associated with adsorbed water at 100%
@, -

N relative humidity should ygive rise to an interface having roughly the

4

I
" . . .

JQ; same interfacial free energy {that is, rouyghly that of the surface
n.’,,ﬁ:.

v . . . . L.

.;;g tension of liquid water). Under the wmoist conditions employed to

0.

- determine contact angles, the specific hydrophilicity of the Jroups
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e
X
o
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Figure 22. Schematic representation of a solid composed of
hydrophilic (O ) and hydrophobic (Il ) functional groups,
dry, in equilibrium with water (O ) vapor, and in contact

with Tiquid water,
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attached to the interface is therefore, to a first approximation,
irrelevant as long as the groups are sufficiently nydropnilic to be
fully solvated. OQur data suggest that functional groups with n values
less than -1 to -2 are sufficiently polar to be fully solvated at 100%
humidity. This range of = vaiues includes such functional groups as
C0,” (-4.36), NH,* (-4.19), SO3” (-4.75), glucose (-2.84), and CONHNH,
{-1.92). Groups that fall into the transition region between full and
partial coverage by water (i.e. those at the inflection in the
relationship between m and cos 3,, Figure 19) include COZH (-0.72),
NH, {-1.23), COWH, (-1.23), OH (-1.13), and NHSO,CH, (-1.13). Groups
tnat collect 1ittle water (i.e. those in the linear portion of the

relationsnip between m and cos ., Figure 19) include COZCH3 (-0.01),

a
CH,0COCF 5 (0.55, estimate), CH, (0), CH, (0.56), and CFy (0.838).

3) An_important parameter in determining the influence of a

functional group on the wetting of these types of interfaces appears

to be the surface area that this group covers. The "area fraction" is

s

probably more important in determining the influence of a

Fo

E;}; functional group on wetting than is the mole fraction of that group in
t:23 the interface. In particular, in cases where some of the interfacial
é%} functional groups ar2 significantly larger than others, the larger

i;i groups will probably make more important contributions to the

;E:Z interfacial free energy. Definition of the area covered by a

:;é functional group is not a simple procedurs. For example, long

é;: functional groups attached at the interface (such as -(CH2CH20)n-)

x;j could extand out into the bulk water and thus, in principle, occupy a
;8 relatively small fraction of rhe interfacial area, or they aight

condense onto the surface and cover a large area.
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The increase in interfacial area coverage upon ionization of
functional yroups might also have a significant influence on
wetting. A carboxylat2 anion in an interface in contact with water
vapor might, for example, collect a larger “"pool" of associated water
tnan wouid an unionized carboxylic acid group. Tne resulting increasa
in the effective A; would result in a decrease in contact angle, even
in the absence of 4 change in YSy,i Or Ysi,is the possibility that Aj
might be a function of the ionization state of tn2 group i could
significantly influence interpretation of relationsiips between o, and
1 (A parameter wiose sensitivity to size is probadly more to
functional group surface area than (o projected area on an
interface). The increase in 35 upon ionization of the carboxylic acid
groups of PE-COZH may, in fact, be one reason why the contact angle
decreases at high pH. Similar arguments would apply to the contact
angle titrations of all of the interfaces tested in this paper.

4) Contact angle titration provides a convenient method for

measuring the ionization of functional groups on an interface: the

conversion of an uncnarged (less hydrophilic; to a charged (nore
nydropnilic) group is often accompanied by 2n increase in wettability and a
dacrease in contact angle. It is something of a puzzle why this

technigue works as well as it does. Results obtained using contact

angle titration are internally consistent and physically reasonable.

Tne values of pK, , inferred from this tochnique and from direct
observation using ATR—IR4 and fluor‘escence5 spectroscaopies {and
occasionally using direct titration4) ara in good ayreement. Sysiams
derived from PE-COZH are, however, not at thermodynamic equilibrium:

nysteresis is large; the drop does not nove on a tilted sample: the

’\J' . -~ _.’ - l-\"“ \(-\' '.‘ e A % ) 5“ .\ - '_v.'\. Y :‘
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::j drop edye appears to De pinned. Model monolayer systems show less
| nysteresis, but values of contact angle that are compatible with those
'?:ﬁ observed for PE-CO,H and darivatives are also obtained with these

,%:; structurally better-defined systems. Thus, 9, for PE[R] is apparently
“I\.l

A not determined solely by the same factors that result in the large

observed hysteresis., We presume that the hysteresis reflects sone

conpinacion of interfacial heterogeneity {e.g. roughness or uneven

distribution of functional groups) and redction on contact with the
bulk watar {swelling and/or ionization). Althougn the values of

contact angles can only be considerad approximations to those that

would be observed for a system in true thermodynamic equilibrium, we

xi: presently believe that the differences bdetween the non- or qudsi-

A
¢

equilibriuin values obtained with the polymer interfaces ar.i

e T Sy

T

.

equilibrium values that would be obtained on an ideal system

-
~
=

S
‘ . . . . . ., .

hadt containing the same functional groups are {hysteresis notwithstanding)
o

ol small.
2 o'
C) Several factors might, in principle, cause a decrease in oy On
WAL

i ionization of thne interfacial groups in PE-COZH: Thesa include an

-
%jyj increase in Ay, an increase in Tgys @ decreass in TgL» swelling of the
Sy

) interfacial region, and processes making a contribution to ng” (eq 3)
gt g

N such as the free energies of icnization or swelling. We Jdraw upon the
o
b comparison of PE-COZH to the structurally better-defined monolayer

'1'5 -
P . .
' @. - systems based on organic thiols absorbed on gold to suggest that

j:j- interfacial swelling is relatively unimportant in deternining d,-

o Since tihese monolayer systems are not expected to swell significantly
® in ettner the i1onized or unionized state, and since their behavior in
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wetting is qualitatively similar to that of the functionalized
polymer, we conclude that swelling of the intarfacial region of
PE-COZH is not essential for a decrease in Ip¢

“e do not currently know whather tie energy of reaction (ﬁgH) 15
nporIant in Jetermining the contact angle as a functiion of pH for
DE-CJEH . Tne fact suggests, however, that it is
not: [f the energy of ionization were driving the movement of the
drop 1o lower Zontact anglas, the contact angle would be expected o
continue to drop beyond tne pH of full ionization {eg 16, Figure

2
e

. For exampla, even if the interface were fully ionizad at pH 10,
tne frae energy of ionization at pH 14 would be greater than tnat at
oH 11 oy the entropy of Jdilution of the protons (RT & pH = 1.4

«cal/mol), and the contact angle would be lower at pH 14 than at 11.

This continued drop in 9. above the point of full ionizacion is not

a
observed for PE-COZH ar any material derived from it.

The remaining factors tnat might plausibly contribute to tne
decrease in 9, on ionization may all be important. Changes in Ap on
1onization of an interfacial group are likely to be important for any
of tne materials studied. Changes in 1oy and Yg on jonization may
3150 He mportant, daltnough tihe monolayer studies 1ndicate that
C0S ey g = €OS 74g T = 1, and our first-order analysis (eq 3-10)

,2! 42
sugyescs that interfaces containing these two functional groups should
not oe distinguishablea by contact angle. [n fact, both the
reldationsnip between v and 7, (Figura 13) and the relationsaip osetwoen

205 9y gy and A ocos 9 {Figuras 10, 16, 13) suygest tnat tne
, !
influence of a particular functional group on the interfacial freeo

2nerqgy nay depend on its anvironment, and conclusioans Jdrawn from the

AT
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monolayer system may not be directly applicable to PE—COZH.
Certainly, qualitatively, the hydrophilicity of the C02' group is
greater than that of a COZH group, and the wettability of the

intarface follows the same order,

5) Tnhe supposition that in an interface containing a numnber of

‘ifferent functional groups, the contribution of 2ach group towards

- tne wetting properties can be considered additive and independent (eq

i

N 5, 6) provides a valuabla starting point for analysis and leads to a
N

w"_;f

j}} qualitatively revealing physical model of wetting, but nay be

b incorrect in many situations.
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ExQerimenta1
172 " Vi Vi Ve Wi VR, Pl Vil Pl P Y
Qﬁgggil. All solvents were reagent grade and were used as

received. Watar was distilled in a Corning Model! AG-1b glass
distiilation apparatus. XPS spectra were determined on a Physical
Electronics Model 543 spectrometar (Mg K, X-ray source, 100-2V pass
anergy, 10'3 to 10‘9 torr, instrument calibrated according to ASTH STP
599,

%Iixggugeaiigggents. Pieces of polyethylene film were Cut to tne
siza of the KRS-5 (thallium bromide/iodide, 45°) crystal facas and
oressed against the faces with an IR (Perkin-Eimer) sampla holder.
Films treatad witn aqueous solution were dried in vacuum (50 min,

0.31 torr, room temperiture) prior to contact with the KRS-3 crystal
to prevent crystal damage and to eliminate peaks due to excess watar
from the spectrum. Rectangular piecas of tnin cardboard the saie size
3s the film pieces were inserted between the films and tne steel
sample holder to distribute the pressure on the film avenly. Spectr
were obtained on a Perkin-Elmer Model 3538 spectrometer.

uggggg:x%x xxxxgg%gzggtggz. Contact angles were daternined on 3
Rame-Hart Model 100 contact angla goniometer aquipped witn an
environmental cnanber by estimating the tangent nornal to tne raudius
3f the drop at the intarsection between the sessila drop and she
surfaca, These values were Jdeternined 3-20 sec aftar applicaction of
the drop. The humidity in the chamber w~as maintained at 100% oy
filling the wells in the sanple chamber ~ith distilled water. The
temperature was not controlled and varied between 20 and 25 2. The

volume of the drop used was always 1 uL. Polyethylene samples wera

cut %0 a4 size of 0.5 x 2 ¢ and attached oy the bdck of Zhe sampi2 =2
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a glass slide using two-sided Scotch tape to xkeep the sample flat.

A1l values reported are the average of at least eight measurenents
taken at different locations ona the film surface and have a maximum
error 1n the mean of £3°., The pH profiles wera fully reversiasle on
the interfaces after removing tne drops from the intarfaces Dy wdsaing
~sitn distilled watar, and drying in air. Some samplas, such as
PECCONHNHCOCF4] could pe imaginea to nydrolyze at high pH. rione of
tne titration curves are dominated by such reactions, as shown Dy

“tne tine

v

treating the interfaces with base for a few seconds
necassary to determine aa) and then re-detarmining 3, at lTow pH. The
puffers used (0.05 M) were as follows: pH 1, 0.1 M HCl; pH 2, naisic
acid; pH 3, tartaric acid; oH 4, succinic acid; pH 5, acetic acid; oH
5, maleic acid; pH 7 and 3, HEPES; pH 9 and 10, CHES; oH 11,

d-aninobutyric acid; pH 12, phospnhate; pH 13, 0.1 N NaQH; other

ouffars? wers substituted with no apparent differencas in I
n Yalues for Interfacial Functional Groups . The functional 3roud
B P P P D P T M P P T P P P P 72 Pl Pl Pl e P i P P P P P P e P P P PV
*

. - R 1 - .
optained from tne 11terature.2* In many cases, the v value for che

2xact functional groups were not available. [n some cases, estimates

]
4

were made for 1 based on the functional groups preasent. This

l_? -

D

S averaging was only used for intarfaces of the type PE:CQNHCHZCHZR;.
-\.'_-:

bl The 1 value estimated for this functional group was tne numerical
K _

average of v for the secondary amide {-1.27) and the functional group

el

*

v x

R. 4hile the results of this avaraging are probanly only

z
#1

Lo i |

AY

et 1z

- aporoximations to the values tnat would be obtained in actual

o. . . ,
7 axperiments, the values appeared to be useful in understanding <ne
Pl
g ‘ _ )
‘? werting properties of these types of surfaces. A second type of
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deviation from the strict use of = values for the functional yroups
was used in the case of the very long hydrocardon or fluorinated
hydrocarbon chains of surface esters. Although the length of an ester
would c¢'early influence v, it would probably not influence 9, above a
certain langth because only a portion of the chain would De exposed at
the edge of tne surface. For this reason, 1 was 2stimatad to 2e J.33

-

for the methyl surface resulting from PE[C0283H17J vT o= 0.55 for

.
s

-CH4). Similarly, 7 was astimatad to be 0.38 for PE] CH20C0C7..r4 (7 o=

w

.33 for -CF3). Other values of n used in tnis work were: -COZCF3,

J.55 {estimate); -COZCHZCH3, 0.51; >CH2, 93 -COZCH3, -0.01;

s .',. ';!-.-;;‘.

-CONHCHZCHZN(CH2)4, -0..9 (avg), —CONHCHZ-pyridTne, -0.48 lavyy;
-CONH-pyridine, -0.48 (avg); >C=3, -J.55; -OH, -1.13;
vONHCHZCHZNHCOCA3, -0.60 (avyg); -COZH, -0.72; -OSOZCH3, -0.38;,

-CONHCH, 00, -1.0 (avg); -NHSO,CH3, -1.18, -CONHCHoCH,O0H, -1.2 {avg);
~CONHy, =1.23; =MHy, =1.23; -CONHCH,CHoNHSD,CHg, -1.23 {avg);
-CONHCHoCH NH,, =1.25 (avg); -CONHCHy, ~1.27; -CONHNH,, -1.92;
~CONHCH,CH NHS ™, =2.73 (avy); -3lucose, -2.3; -CONHCH,CO,™, -2.32
(avg); ~CONHCH,CH,S057, -3.02 {avq); -NHy™, -3.19; -20,7, -4.36;

-5047, -4.3.

g og] q [Fi -density S5iaxia) 571 ow
’ ol yet xlgqexua{xq) Film 1). Low-density diaxiaily 2iown
: ool yethylene film {100 um thick , - = 0.32 g/mL} was a gift from Fiax-
i . . , _
v 0-Glass, Inc {Flex-J-Film DRT-A00B8). The film was cut into 13 x 1J c¢n
@
Eﬁ squaras. These wera extracted by suspending the film in rafluxing
h ¢
aﬁ ZH?CIZ for 24 h to remove antioxidants and other additives present n
! ?
S
n . , L. .
Y tne film, The removal of addicives could be nonitored using the
9
@j caroonyl reqgion of the ATR-[R spectrum. Prior to extraction, a peax
L
e it 1650 an™- was present. Tnis peak was 2liminated by the
o
“w
!;'.f
o
v
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extraction, The samples were driad under vacuum (20 °C, 0.01 torr, 4

h) or in air {20 °C, 4 h) prior to oxidation to allow residual solvent
to avaporate., Samples that were not oxidized immediately were stored

under dry argon. In all cases, experiments were performed on the side
of tne film facing the inside of the stock roll,

PE-CO,H = 2E0>C=01( ¢
NN WA

vuLuITLIAN T.‘tnlz

Ag (Film Ad4). PE-H was oxidized oy
floating on Hy504/ Hy0/ Cri (29/42/29; w/w/w) at 72 °C for 60 s. Tnese
samples were rinsed 4 times in distilled water and once in dcatone,
dried in air for 1 n, and stared under dry argon. The samplas are
indistinguishable from PE-H Lo the unaided eye. The samplas nad a
seak in the ATR-IR at 1710 em™t.

PRRCHONILERH] (FIIm AL0) and Derfvatives. 4 solution of 4 g of
NaBH, (98%, Alfa) in 100 mL of 0.1 N NaOH was neatad to 50 °C.
PE-CJZH was added and stirred for 2 h, reasoved, and iamersed in I N
HC1 for 10 min. The 7ilm was rinsed in watzr, 1 N HCl, 3 times in
distilled water, and once each in methanol and methylene chiorile. At
tne resolution employed, the XPS spectrum was indistinguishable from
that of PE-COZH. The contact angle with water (pH 1) was 54° and the
sample had a new ATR-IR peak at 3350 cn™t. In order to form
PEC>CHOCOR][C02H], PEI>CHOH][C02H] was treated with neat
trifluoracetic anhydride {or lauroyl chioride, bdotn Aldrich) for 13 i
at room temp. Tne films wera then rinsed in water (4 times), :metnanol
(twice) and dried in the air to form PE[>CHOCOC"3][COZH] (Fitm A2} ,or
PE:>CHOCOC11H23][COZH] {(Film Al). To jenerate
PEL>FHOCOC42Cd2u ZH][”OZA‘ (Film A7), PE>CHOHI! FOZAJ was treatad wiin

30 mL of acetone containing 10 g of succinic anhydride and @ nL of
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triethylamine for 1 h. The film was rinsed in acatone, water, and

then methanol before being air dried.

EL2CHONECH QI RELCH208] (F1Tm 13) and Derivacives. PE-COpd
was treated with excess 1 M BH,-THF (Aldrich) at 50 °C for 20 h under
argon. The films wera rinsad twice in water, soaked in 1 N HCI for 5
nin and rinsed 3 times in watar. Tne carbonyl ATR-IR peaks wersa
absent and a new peak appeared at 3350 cm'l. In order to keep the
nomenclature as brief as possidble, derivatives of PEL>CHOH]L HZOH] ara
often shown as derivatives of PE[CHZOH], and it should be assumed
tne secondary hydroxy groups are similarly derivatized. In ordear
generata PE[CHZOCO(CFZ)nCF3] (Films 15-17), PE[CHZOH] was allowed
react with neat [CF3(CF2)nCO]20 (Lancaster Synthesis, just 2nouyn <
cover the film) for 18 h at roon tamp. Tne films were rinsed 5 ¢
in methanol, twice in acetone, and twice in water. The ATR-IR
spectrum {n = Q) showed new peaks at 1790 (CF3COZR), 1165, and 1225
(C-F) cm- L, PE[CHZOH] was allowed to react with stearic acid cnloride
(Fluka, 5 g) in acetone {50 mL) containing 5 mL of triethylamine for
13 n. Tne film was removed, rinsed in methanol, water, icatone, and
nexane, and dried in air to form PE[CHZOCO(CH2)16CH3] (Film 14).
Alternatively, to form PE[CHZOCOCHZCHZCOZH] (Film A6), PELCH ZJHJ as
treatad witn 20 mL of acetone containing 10 g of succinic anhydride
and 1 mL of triethylamine for 1 n. The film was rinsed in acstone,
watar, and then methanol before being dried in air. PE[CHZOH] Was
allowed to react with 3 saturated acetone solution of 1,2,4,5-
benzenetetracarboxylic acid annydride for 2 h at room tanmp. The Fim
was reamoved, rinsed in acatone, methylene chloride, 0.1 Y NaoH for

min, watar, and acetone, and dried in air to form

-rr"-r'f‘r'-r.r,f\a‘v a-;c.( ; Ll Al ol e LT T
- .y " 5\ , "\"\'J‘\'f" ..d,\,v‘,&
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PEECHZOCOCGHZ(COZH)3J (1,3,4) (Film All). Finally, PE[CHZOH] was
allowed to react with neat perfluoroglutaric anhydride {Lancastar
Synthesis, just enough to cover the film) for 1 h at room temp. The
film was removed, rinsed in methanol (3 times), water once, and driad
in air to form PE:CHZOCOCFZCFZCFZCOZH] (Film Al3).

gg;gQQll. PE-CO,H was soakad in 30 mL of dry diethyl ather
containing 3 g of PClg for 1 h at room temperatdre. Tne film was
quickly removed and used immediately without workup to mininize
nydrolysis of the acid chloride groups by ambient watar vapor,

Eggggzigﬂzgﬂzgznﬂl. For n < 14, PECCOCY] was immersed in tne
appropriate neat liquid polyethylene glycol. Lower n values were the
pure compounds (n = 1 and 2 were obtained from Fisher; n = 3 and 4
werea obtained from Aldrich). Tne higher n values were mixtures of
different molacuiar weight, and the reported n values are indicativa
of the average molecular weights (n =5, 7, 10, and 14 were all
obtained from Aldricn). After 1 h the films were removed, rinsed 7
times in water and once in acetone, and allowed to Jdry in air, for n
> 14 the reactions were carried out similarly in 20% polymer
(Aldrich)/30% aceatone mixtures,
21 (Film 4). PELCOCT] was put diractly into concantratag
MH4O0H far 20 min, rinsed in water {5 times) and methanol {twice), and
then dried in air. ATR-IR showed new peaks at 1400 e (C-y

stretch), 3150 cn™b (NH), 1560 cn™t (NH), and 1680 <n~l (C=NNH); xp<

(ST o
AR

M/O ratio = 0.53.

l":"'f('fn
4

a

>
}
'S d

pCF>FHQ@1L§dZEQ21 Film M2) and Der

< .
LI Li

. oYl h ;
i%%. : ._\_,DNHzJ was

o,

treatad with 1 M l.1'A1H,l in refluxing diethyl 2ther (Aldrich, [ M

SRR

)

LiAlH4 in ether) for 13 n. After the fiin was rinsed in water 4
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times) and methanol (once), its surface appeared cloudy. Tne film was
soakad in conc HC1 for 10 min and rinsed in watar (3 times) and
methanol {twice). After repeating the HC! treatment, the film was
again clear, ATR-IR showed new peaks at 3350 et (-‘JH2 and -9JH) and
1640 cm”t (-iH,). The peak at 1560 cm™! (-NH of -CONH,) had
disappearad. (Mota: This film has a foul, fisny smell. Tnis smell
may be PH3 or some other toxic phosphorus conpound derived from the
reaction between residual PClS in the film and LiAlHg. Appropriate
caution should be exercised.) In order to generate
PEL>CHOSO pCH4 JLCHNHSO,CHA T (Film N3), PEC>CHOHI[CHoNH, S was treated
with 5 mL of neat CH3SOZCT containing 1 mL of triethylamine for [ ain
{Note: the triethylamine was added slowly and carefully). The film
was rinsed saeveral times in water, once in methanol, and dried in

air. PED>CHOCOCH,CH,CO,HILCH, CONHCHaCHpCOpH] (Film AS) was generated by
reacting PE{>CHOH][CH2NH2] with succinic annydride {10 g) in acacone
(50 mL) containing 1 mL of triethylamine for 1 n at room temp. The
film was removed, rinsed in acatone (3 times), water, and acstone, and
dried in air. PE[>CHOH][CH2NH2] was allowed tO react with 100 mg of
dansyl cnloride (Sigma) in acetone (10 mL) for 10 s. At that poing
7.5 mL of aqueous Na2C03 (sat.) was added and the film was ramovad
aftar 30 s, The film was rinsed in methanol (5 times), water, and
ijcatone, and dried in air to form PE[)CHOH][CHZHH-dansy1] (Film M6).
QILCHNHAT (Film N1).  PE-CO,H was put into a mixture of

250 7L of znloroform, 25 mL of concantrated sulfuric acid, and @ 3 of

WaNz ‘Yodaxk)., The mixture was stirred at 50 °C for ! h, and the film

#as remgved. Tne sample was rinsed in watar, acetone, wat2r, acatane,

and 2ther, and Jried in air, ATR-IR peaks: 1120 et {C-M); 1640 cal
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(NH2); 3350 cm'1 (NH). Upon reaction with lauroyl chloride

(3 min in neat reagent) the film become hydrophobic (8, > 100°).

a

gEE»QZQﬂ31 (Film 13). The methyl ester has been made by three
different methods with the resulting interfaces being
indistinguishable.4 Here, PE-COZH was stirred for 13 h in 500 mL of
annydrous methanol containing 75 mL of sulfuric acid at 40 °C. Tne
film was rinsed twice in metaanol, 3 times with distilled water, and
once in acetone. For all three methods, ATR-IR spectra showed a new
pedak at 1740 cn~! and no -COZ‘ peak (1560 cm'l) after treatment wictn 1
N MaOH, indicating complate reaction.

EEEQQ 33. The ethyl, 2-bromoethyl, n-propyl, i-propyl, n-butyl,
s-butyl, n-hexyl, and n-octyl esters (Films 19-25) were inade by
soaking PE-COZH in the appropriate anhydrous alcohol (50 mL)
containing sulfuric acid (10 mL) at 40 °C for 18 h (for ethyl and
bromoethyl) or 72 h. The films were workad up as for PE[COZCH3J.
Alternatively, the propyl ester was made by putting PE[COCI] in
propan-1-0l1 for 30 min and rinsing once with methanol, twice with
wWwatar, and once with acetone.

PELCOUNNH, ) (Film M8) qnd Derivatives. PELCOpCH3] was heated at
80 °C 1n 95% NHZNHZ (Eastman) for 1 n. The film was rinsed three

thiaes in methanol and twice in water. The ATR-IR spectrun showed a

new peak at 1650 an~. This material (PE[CONHNHZJ) was put into 50 mL

of THF containing 10 @b of lauroyl chloride and 0.2 mL of

triethylamine. After 42 h, the film was remnoved, rinsed in .nethanol,

&
"

-
e
“ o
)
.

'~ te
L2

wdater, acetone, and hexane, and dried in air to form

h

(.

%l. PE[CONHNHCOC11H23] (Film 10). Alternatively, PE[CONHNHZJ wdsS stirred
A"

g:: for 13 h in 10 mL of THF containing 0.2 g of tetrafluorosuccinic

\
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anhydride (K and K Chemicals) at room temp. The film was removed,
rinsed in THF, mechanol, water, and acetone, and dried in air to form
PE[CONHNHCOCFZCFZCOZH] (Film A12). In order to form PELCONHNHCOCF,]
(Film R2), PEECONHNHZJ was stirred in 10 mL of THF containing 0.5 mlL
6f LCF3CJ]20 and 0.2 mL of triethylamine for 13 nh at room tanp,
followed by rinsing in THF, methanol, water, and acetone, and drying
in air,
PELCONHR ]. PE[COZCH3] was soaked in the appropriate, neat,
conmercially obtained amine for 4 weeks at room temperature. Tne
sanples were soaked for several h in water and/or inethanol to remove
excess amine reactant from the film. The sanples were then rinsed in
matnanol and dried in air. Samples made in this manner were {nose
derived from 2-aminoethanol (MCB, Film 3); N-{(2-aninoethy!)morpnoline
(Lancaster Synthesis, Film M4); N-(2~aninoethyl)pyrrolidine (Lancaster
Synthesis, Film M3); 4-(aminomethyl)pyridine (Alfa, Film i5);
aminomethylcyclohexane (Lancaster Synthesis, Film 9);
", N-dimethylethylenediamine (Aldrich, Film Ml);
N,N'-dimethylethylenediamine (Alfa, Film M2); 1,7-dimethyl-4-
heptylamine (Lancaster Synthesis, Film 3), 2-aminoethanol (MCB, Film),
ethylenediamine (Fisher; this reaction is one approach to N4); and
4-neptylamine {Lancastar Synthesis, Film 7).

Btk

A"

QQQQQLJ. PECCOCI] was put into agueous solutions (unless

otherwise specified) containing the appropriate amine-containing

substances for 5 min. The samples were rinsed in water (4 times)

e followed by methanol (once), and dried in air. Surfaces mnade in this
:? manner include those derived from comnercially obtained p-daninodenzoic
L

;ﬁ acid {Eastnan, Film A9, 50 mL of acetone containing 5 mL of

L)
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triethylamine); aminoethanetniol (Aldrich, Film R1, 3%, pH 8.3);
2-aminoethyl phosphonic acid (Sigma, Film RS, 50 mg (sat.) in 5 mbL of
methanol with 0.2 nL of triethylamine); 2-aninoethyl phosphate (Alfa,
Film R6, 1 g in 5 mL of methanol with 0.5 mL of triethylamine);
2-aminoethyl hydrogen sulfate {Sigma, saturated in 5 mbL of methanol
with 0.5 mL of triethylamine, Film 23); o-aminophenol (Baker, Film R4,
saturated); m-aminopnenylboronic acid (Film R3, 0.5 g of free base
(Aifa) in 5 mL of metnanol with 0.5 mL of triethylamine);
J-aminopyridine (Sigma, Film N7, saturated solution); aniline {Fisner,
neat, Film 11); aspartic acid (Film A3, 0.5 M at pH 10 (NaOH); dansyl
cadaverine (Sigma, Film M7, 50 mg in 10 aL of methanol with 0.5 aL of
triethylamine); athylenediamine (Fisher, this reaction is one approach
to N4, neat; the CF3CO- and CH3SO2 derivatives of this surface (N5 and
N6) were made as for PE[>CHOH][CH2NH2]; glucosamine hydrocnhloride
(Sigma, 2 M adjusted to pH 10 (MNaOH), Film 2); glycine nydrochloride
(Aldrich, Film A8, 2 ! at pH 10 (NaOH)); methylamine (Eastman, 40% in
HZO’ Film 5; dimethylanine hydrochloride (Baker, 30% in 1 N NaOH, Film
6); n-octylamine (Eastman, neat, Film 12); taurine (Aldrich,

HZNCHZCHZSO3‘, saturated, pH 9.5, Film 27).

ilonolayers., Monolayers were formed by adsorption of mixtures of
g P Vi Ve P P Pl Ve P P

fi CH3(CH2)153H (0 to 1 mM) and HOZC(CHZ)ISSH (0 to 1 mM) from degassed
n;: absolute ethanol solution (20 mL) onto fresnly evaporated gold

".‘ surfaces for 12 h at room tamperature. These gold surfaces were made

Q
by thermal evaporation of a 2000 A thick layer of yold onto a 3"

o Q
o silicon wafer, with a thin (200 A) intervening layer of chromium to

.-‘-..
n‘t' incredase adhesion between the gold and silicon. The monolayers were
R
T . . . . .

g rinsed in watar and ethanol prior to determination of 3J.
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It is also possidble that vg, may change due to a reaction desween

[
o
~——

the drop and tne functional gJroups on the intarface but 2evond

tne drop edge. Je have =2vidence tnat protons, for axamp!d

2, zan
migrate beyond the edge of 1 droo of aqueous acid and orotonag:a

-
1
i

5asic species in the "solid-vapor” interfaca. Thus, formally, we
should treat the functional groups on the outside of tne drop
{those that datermine YSV) as being also capaoie af rzac:tion wizn
redgents in the drop and consider the possibility that Y@C night
to some extent also be a function of pH for interfaces with
acidic or pasic groups {such as PE-CDZH). This pnenomenon is
intrinsically a non-equilibrium one, and is difficult to :treat
realistically at tne elementary level of this paper. we note
that tne possipility of reaction odetween yroups 1n tne interfaca
dbeyond the edge of the drop and reagents in the drop mnay not be
jeneral, QDetails concerning tnis pnenomenon will de renorzed in
a separate paper.

i7; Tne tam A is not precisely defined. The averaye orojacied ar=a
of a functional jroup .alynt de suitanle at this level of
conplexity. In this paper, A, takas the place of 3;, which we

4-5

used in previous papers. For related discussions se=2:

Cassie, A. B, 0. Discuss. Faraday Soc. 1948, 3, 11-15.
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The rasult of this integration "nRT In {1 - ;1)] assumes thdt the

intarfacial acid groups follow the relation

Q4
‘ i c o~ . -

z 7 - ——— £ [ a1 ! £ 1‘
PK, pH - Tog T o P LJZH nNas desn snown not to foilow

L

this simple reiation. It also assumes no change in Dulk pH In
ionizition: tnat is, tnat the pH of tae drop is ouffared,

3 farmuiat2 1 pradiciion from oeq 16, Tnr2e parametars qust D2
K1own Jr 2siimated: 0S5 9 13 N, Lne numper 2f surtace groups
oer :mz; x4, Uhe axtant of ionization as a function of pH.13
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2iiar, N. In Megnods of 3iacnenical Analysis;
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, 1207-12158. See also: Hansch, C.; Leo, A.; SubDs:izuent
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Constants far Correlation Analysis in Chemistry and 3i0logy;
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The reiationship between the mw cf atlached polymers and A is
Jecidediy unclear, “hether A 2ven inCrzases 3s tne 7w Incraases
deogends an whether the nolymeric chains are extianaed into the
saluzion or colled up into a 2all.

DE_zCHCHIETHZNHZZ was allowed t0 redact witn poly.acryiic acid
IniariZe; 1n ac2tone soldutign containing trietnylanine for 13

n,, faiiowed by rinsing in hasic wartaer, Observed values of =

. . - - Q - ~n O
were SH 52 ’
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For information on

For SEM micrographs, see reference 4.
crystalline and noncrystalline regions in polyethylene, seae

8assett, D. C. Principles of Polymer Morphology; Camoridge

University Press: Cambridge, 1981.
Wwe will shortly publish details of the charactarization of these
tniol monolayers.

Nuzzo, R. 5.; Allara, D. L. J. An. Chem. Soc. 1933, 105, 4481-

R ARV

Li, 7. T.-T.,; Weaver, M. J. J. An. Chem. Soc. 1984, 106, 1233-

RV R VRV

1239, Ui, T. T.-T.; Weaver, M. J. J. An. Chem. Soc. 1334, 105,

AR R

6107-5109.

Sagiv, J., unpublished results.

Nuzz0, R. G.; Fusco, F. A.; Allara, D. L. J. Amn. Chem. Soc. 1987,

R V¥
108, 2353-2368; Portar, M. D.; 3right, T. 8.; Allara, D. L.;
109, 3553-2568.

Y

Chidsey, C. £. L. J. Am. Chem. Soc., 1987

Alexander, A. E.; Hibberd, G. E. In Technigues of Chemistry;

Weissberger, A.; Rossiter, G. W., Eds.; Wiley-Interscience: New
York, 1972; Yol. 1, p 575.

Strong, L.; Wnitesides, G. M. Langauir, in press.

de believe that the extanded all trans methylene cnains of these

. °2 . .. .

monolayers each ocCzupy dapproximataly 20-25 A¢ of tne surface ang
that the vo2lume at tne terninal and of the chain is occupiad by
the metnyl or carboxylic acid group. Thus, the effactive arei

occupied by =2ach of these groups is similar, even hough a

zarsoxylic acid ygroup is slightiy ldrger than a metnyl 3raup.
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33) These differences may stem from different causes of the change in
9, WIth pH. Ao, Y%C, Y%E, ~B" and interfacial swelling may all
contribute, in different proportions, to the change in 3, on
jonization in these surfaces.

34) A contact anglie of 0° on a pure COoH surface should be
accompanied by the adsorption of 3 significant amount of watar at
the intaerfaca, a prediction confirmed Dy measurement of
nexadecane contact anglas. At 100% ra2lative huaidity, nexadecane
beads on a COzH surface (Sa = 35-40°) aven though it wets the
surface at ambient humidity (30-70%). If the relative numidizy
is allowed to decrease, a point is reached where the adsoroed
aqueous film evaporates and the hexadecane drop suddenly
spreads, Since hexadecane wets neither a pure methyl surface (:3

= 47°) nor a pure acid surface (Sa ~ 35°%) at 100% RH, the model

developed for polyethylene would predict that nexadecane should

bead at all intarmediate surface compositions. In fact, an 30%

acid surfaca is wet by hexadecane at all relative hunidities.

Tnis result militates strongly against island formation and

suggests that for monolayer systems tne differant components of

the interface cannot be treatad entirely as being independent.
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Zellamy, L. J. The [nfrarad Spectra of Complax Molacules;
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Wiley: New York, 1958, 2nd ed.

}:: 36) de have not performed contact angle titrations on this sample

3:&.

t&g Jander inert atmospnere or with aqueous 4rops containing thioi

3

PV reducing agents to determine whether the thigi-ccmpromising “nterfice

tiu‘ might have been oxidized to disulfides.

ra

v

o

NG

o«

:1',‘:-/

o

:?:;I__ R R T R S Ay A

P P Ay e :,\ NN "J"‘\*ﬂ-{\.ﬂ\."-\' Pl S ';,-(‘ -:,;:_;'.’-_,.-_:.:_-_-.‘;_,\-_._:,.__._-_.\»... e A P e i
:;m.; :: ) ..\':\{'- ._'-':\{'. \’\" ‘."\"\"\".\"\\' - J'..\-"_“‘ L



R T M T R & . S T L o e 'Adn BAGS YR ASEE i ki b @ sy dady o as Sac
cor o R RTRERT AT T T T T T W TN W W W RO RO e e R LSRN AN BNLA A0 ol kol Solk S ol i AR AL A AN & 2 & va ot A 4 -4 ARl balb Sl (el Sl Wl 0l g g |

. 55 -

37) Tnis empirical value tor ( also allows oy tp be evaluated if K,

- : 1
is known. If we assume the interface contains 10 5 grOups/cm2

(equivalent to the packing density in a stedric acid crystai
multiplied by a roughness factor of 2),30 tnen Kri < 0.0144
(kcal/mol){erg/cm?)"l. Using K, = 0.0144 and C = -1.12, we
calculate (eq 19) sy = 0.9. Tnis value is witnin our expected
error (arising primarily in assuming a vaiue for tne surfice
roughness) of 1.

The change in the intarfacial free energy, YgL» Detween pH =
1 and pH = 11 is only 0.4 kcai/mol {f Toy is assumed to pH-
independent. This energy change is small compared with the free

A

eneryy of ionization, aGy, for RCO,H (pH = 1) == RCD,”™ (pH = 11,

+ 4":  approximataly § kcal/mol for a pk, of 7.5.

33) Perrin, D. D. Dissociation Constants of Organic Bases in Aqueous

Solution; Butterworth: London, 1965.

39) Perrin, D. D.; Dempsey, D.; Serjeant, E. P. 2K, Prediction for

drganic Acids and Basas; Chapman and Hall: New York, 1981.
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